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ABSTRACT 

 

           In this study, biocompatible, heavy metal free and cationic Ag2S quantum dots 

(QDs) which luminesce in the medical range (700-900 nm) were synthesized with a 

mixed coating comprised of a small thiolated molecule such as 2-mercaptopropionic 

acid (2MPA) or L-Cyseine (Cys) and linear polyethyleneimine (PEI) at 2.5kDa and 

25kDa molecular weights, instead of the branched 25kDa PEI, which is the golden 

standard for gene delivery, since it is less toxic. 

          QDs coated with only linear PEI do not luminesce. However, QDs with the mixed 

coating, benefit from a synergy and are more luminescent than the 2MPA coated Ag2S 

which is known as one of the best luminescent Ag2S QDs in the literature. Quantum 

yield of 2MPA/PEI coated Ag2S QD (2MPA/PEI (2.5kDa): 20/80) is 310 % with 

respect to LDS 798 NIR dye. This is the highest quantum yield reported till today. 

Although a significant reduction in the luminescence intensity is observed over time, 

even after 8 months, the luminescence intensity is still quite high. Optical imaging 

studies of these QDs with HeLa cell line and C.elegans model organisms showed that 

these QDs can be strong optical labels and can be successfully used in optical imaging.  

           In this study, the effect of pH during and after the reaction was also investigated. 

The strongest luminescence was detected in an acidic (pH 5) and the weakest 

luminescence was seen in basic environment (pH 10). Changes in the pH did not cause 

any shift in the emission wavelength of the 2MPA/PEI coated QDs but Cys/PEI coated 

QDs experienced a shift towards longer wavelengths at acidic pH.  

           In vitro cytotoxicity of these cationic Ag2S QDs were determined in HeLa, 

HCT116 (p53-) and HCT116WT cells. Overall, 2MPA/PEI coated quantum dots are 

less toxic than Cys/PEI coated ones and the onset of toxicity is 7.5 µg/mL Ag dose. 

Significantly toxic dose of Cys/PEI coated Ag2S QDs is 7.5 µg/mL Ag in HeLa, 1.8 

µg/mL Ag in HCT116WT and 18 µg/mL Ag in HCT116(p53-) cells. These doses are 

sufficient to test these particles in drug delivery and medical imaging studies. In 
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addition, the intracellular uptake of the QDs were determined and correlated with the 

toxicity data. Effect of particle size and surface charge on the intracellular uptake was 

also investigated.   

           Overall, strongly luminescent, cationic Ag2S NIR QDs were successfully 

prepared with the mixed coating comprised of L-PEI/2MPA and L-PEI/Cys at both low 

and high molecular weights.  QDs are small in size and colloidally stable, which is 

crucial for any in vivo application.  They have been demonstrated as strong optical 

probes for medical imaging. 
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ÖZET 

 

Bu çalışmada, gen tedavisi için, medikal bölgede ışıyabilen (700-900nm) ve ağır 

metal içermeyen, biyouyumlu ve katyonik Ag2S kuantum noktacıkları 2MPA ve Cys 

gibi tiyol içeren küçük moleküller ile, altın standart olarak bilinen dallı 25kDa`luk dallı 

PEI yerine daha az toksik olan lineer PEI in hem yüksek (25kDa) hem de düşük 

(2.5kDa) moleküler ağırlıklarda karıştırılmasıyla elde edilmiştir.   

Lineer PEI tek başına kullanıldığında ışımaya sahip KNlar üretememektedir. 

Ancak, karışık kaplamaların kuantum noktacıkların ışıma şiddetinde sinerjistik bir etki 

yarattığı ve bu parçacıkların literatürde yer alan ve en iyi ışıyan Ag2S kuantum 

noktacıklarından biri olan 2MPA kaplı Ag2S kuantum noktacıklarından bile şiddetli 

ışıdığı görülmüştür.  2MPA/PEI kaplı kuantum noktacığının (2MPA/PEI (2.5kDa): 

20/80) kuantum verimi LDS 798 yakın kızılötesi boyası ile karşılaştırıldığında % 310 

bulunmuştur. Bu şimdiye kadar görülmemiş derecede yüksek bir değerdir. Zaman 

geçtikçe bu ışıma şiddetinin düştüğü görülse de yaklaşık 8 ay sonrasında bile çok 

şiddetli ışımaya sahip oldukları gözlemlenmiştir. HeLa hücre hattı ve c.elegans model 

organizmaları ile yapılan optik görüntüleme çalışmaları geliştirilen bu Ag2S kuantum 

noktacıklarının kuvvetli optik etiketler olabileceği ve optik görüntülemede başarılı 

olacağını göstermiştir.   

Çalışmada sentez pH ı ve sentez sonrası ortam pH`ının optik özelliklere etkisi de 

incelenmiştir. Parçacıklardan en şiddetli ışıma asidik pH (5) ortamında, en zayıf ışıma 

ise bazik pH (10) da görülmüştür.  2MPA/PEI kaplı kuantum noktacıklarında pH 

değişimi floresan ışıma dalgaboyunda bir kayma yaratmazken, Cys/PEI kaplı kuantum 

noktacıklarında ise pH ın düşmesiyle yüksek dalgaboylarına kayma görülmüştür. 

Geliştirilen kuantum noktacıklarının in vitro toksisite çalışmaları HeLa, 

HCT116(p53-) ve HCT116WT hücrelerinde test edildi. Genel olarak 2MPA/PEI kaplı 

kuantum noktacıklarının Cys/PEI kaplı olarlardan daha az toksik oldukları ve toksik 

etkinin 7.5 µg/mL Ag dozunda başladığı belirlendi. Cys/PEI kaplı kuantum 
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noktacıklarının önemli ölçüde toksik oluğu değerler ise HeLa hücre hattında 7.5 µg/mL 

Ag, HCT116(p53-) hücre hattında 1.8 µg/mL Ag ve HCT116WT hücre hattında 1 

µg/mL Ag olarak tespit edildi. Bu dozlar, parçacıkların ilaç taşıma ve tıbbi görüntüleme 

çalışmaları için yeterli dozlardır. Ayrıca parçacıkların hücre içi alımları ICP metoduyla 

belirlenilerek, toksisite ile korelasyonu, parçacık büyüklüğü, yüzey yükü gibi 

değerlerin, hücre alımına etkileri incelendi. 

Özet olarak, L-PEI/2MPA ve L-PEI/Cys karışık kaplaması olan katyonik ve 

yakın kızılötesi bölgesinde güçlü ışımaya sahip Ag2S kuantum noktacıkları hem yüksek 

hem de düşük moleküler ağarlıklardaki L-PEI ile başarıyla sentezlenmiştir.  Bu KN`lar 

küçük ve kolloidal olarak kararlıdır.  Bu da her tür canlı çalışması için çok gerekli bir 

özelliktir. Bu nanoparçacıkların medical görüntülemede kuvvetli optic etiketler olarak 

kullnaılabileceği de gösterilmiştir.    
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INTRODUCTION 

 

1.1 Quantum Dots  

 Semiconductor quantum dots (QDs) with special optical and electronic 

properties are one of the most fascinating nanomaterials and therefore, heavily studied 

and used by the scientists and engineers over the past two decades.
1
 Quantum dots were 

first discovered in 1981 in a glass matrix by Alexey Ekimov 
2
 and in colloidal solutions 

by Louis E. Brus in 1985.
3
 Quantum Dots are usually made up of II-VI (i.e. CdS, CdTe, 

ZnSe, etc), III-V (i.e. GaAs, InP, etc) or IV-VI (i.e. PbS, SnTe, etc) elements with 

distinctly different chemical and physical properties from the elements that they are 

made up from.
3
 The most widely studied QDs in the literature are the QDs made up of 

group II-VI (i.e. CdS, CdTe and ZnSe) or III-V (i.e. GaAs, InP) elements. The former 

set has luminescence in the visible range that is between 400-700 nm (Figure 1.1).  

 

 

 

 

 

 

 

 

 

 

Figure 1.1 Ten different emission colors of visible CdSe/ZnS core/shell QDs under 

near UV excitation.
4
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Quantum dots are small enough to get into quantum confinement regime.
5
 Into the 

radius of a tennis ball nearly 10
 
million QDs would fit end to end (Figure 1.2). Although 

usually they are less than 10 nm, the critical size changes from material to material.
6
  

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2 Comparative size scale of different molecules, virus, bacteria, a cancer cell, 

a tennis ball and a Quantum Dot. (http://nano.cancer.gov/media_backgrounder.asp) 

  

 Nanotechnology, in general, aim to utilize the unique properties of QDs and to 

create smart functional materials. Many properties of QDs are size dependent. 
1
 QDs are 

restricted in all three dimensions and are spherical. Large surface to volume ratio of 

these spherical particles becomes very beneficial when surface functionalization is 

required, especially for bioapplications.
7
 Semiconductors with rod or tetrapod shapes 

have also been reported.
8
 

 

1.2 Size Dependent Energy Band Gap and Fluorescence 

 The most important feature of the semiconductor materials is their band gap. 

The width of the band gap determines the type of the materials as a conductor, insulator 

or a semiconductor. Energy levels are so close to each other in a conductor that they are 

considered to have continuous energy levels. In semiconductor materials some energy 

levels are quantum mechanically forbidden and there exists a band gap. Energy levels 

that are below the band gap are described as the valence and energy levels above the 
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band gap are described as conduction bands (Figure 1.3). In an insulator material the 

band gap is large enough to prevent the electron jump from valance to conduction band. 

The band gap of semiconductor materials is in between the two extremes. In 

semiconductors, when an electron gains enough energy, it can cross the band gap and 

reach conduction band leaving a positive hole behind (Figure 1.4). 

 

 

 

 

 

 

 

 

 

 

Figure 1.3 The electronic band description in solids 

(http://www2.warwick.ac.uk/fac/sci/physics/current/postgraduate/regs/mpags/ex5/bands

tructure/) 

 

 

 

 

 

 

 

 

 

Figure 1.4 Scheme of excited electron in conduction band and the electron hole in 

valence band (www.evidenttech.com)  

 Electron excitation can be achieved by an external stimulus like photon flux, 

voltage or heat. Usually a photon flux is used and the key is that the incoming photon 

should have energy higher than the band gap energy so that the valance band electron 

can jump across the band gap.  As a result, an electron-hole pair which is called as an 

http://www2.warwick.ac.uk/fac/sci/physics/current/postgraduate/regs/mpags/ex5/bandstructure/
http://www2.warwick.ac.uk/fac/sci/physics/current/postgraduate/regs/mpags/ex5/bandstructure/
http://www.evidenttech.com/
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exciton is generated (Figure 1.4). The electron in the conduction band is not stable and 

relaxes back to the valance band.  There are non-radiative and radiative events during 

this relaxation (Figure 1.5).  Non-radiative decay mostly occurs with the loss of heat 

because of lattice vibrations. Radiative decay is also called as nuclear decay that occurs 

with photon generation from combination of the electron and the hole. This is called as 

the fluorescence. Due to the energy loss during the excited lifetime, emitted photons 

have lower energy than the absorbed ones and therefore, emitted photons are at longer 

wavelengths than the absorbed ones, which is called as the Stokes Shift (Figure 1.6).  

 The distance between the hole and the electron is called Excitation Bohr Radius 

(EBR) (Figure 1.4).  To achieve quantum confinement, crystal size of the 

semiconductor material should not be larger than EBR. When the confinement happens 

in three dimensions, small semiconductor materials are defined as quantum dots. So, 

while bulk semiconductor materials have continues energy levels, quantum confined 

QDs have discontinuous energy levels with a size dependent band gap. The band gap of 

a QD is always larger than the band gap of the bulk form of the same composition and 

as the size decreases, the band gap of the QD increases (Figure 1.7).  This allows size 

tunable absorption and emission properties, which are the most exploited properties of 

QDs (Figure 1.8). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.5 Jablonski energy diagram illustrating the absorbance and emission processes 

(http://www.shsu.edu/chm_tgc/chemilumdir/JABLONSKI.html) 

http://www.shsu.edu/chm_tgc/chemilumdir/JABLONSKI.html
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Figure 1.6 Absorption (dotted lines) and photoluminesence (solid lines) spectra of 

CdTe-MPA QDs showing the Stokes shift. 
9
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.7 Size dependent energy band gap of QDs .
10

 

 

 QDs have broad absorption spectrum that allows excitation at any wavelength 

shorter than their absorption onset which allows excitation of different QDs at the same 

time at a single wavelength but create size dependent narrow emission peaks at different 

wavelengths (Figure 1.9). This is an exceptional opportunity when compared to organic 

fluorophores. 
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Figure 1.8 QD emission wavelength tunability because of changing nanoparticle size 

and composition of QDs (A) The emission range (450-650nm) depend on nanoparticle 

diameters between 2 and 7.5 (B) The emission range (610-800nm) depend on 

nanoparticle composition. 
7
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.9 (A) Fluorescence image of CdSe (2.2-7.3nm) QDs under UV excitation, (B) 

Size dependent narrow emission and (C) absorbance spectra of CdSe QDs. 11 
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1.3 Synthesis of Quantum Dots  

 

QDs can be synthesized in organic or aqueous medium in the presence of 

surfactants. Hydrophobic quantum dots prepared in organic solvents at high 

temperatures are usually more preferred ones due to rather monodisperse size 

distribution and strong luminescence. 
12

 However, such hydrophobic QDs are not 

suitable for biological applications which usually means aqueous working environment. 

In 1998, the first water soluble QDs for biological labelling were prepared by surface 

modification of the hydrophobic CdSe/ZnS QDs with water soluble mercaptoacetic 

acid. 
13

 Exchange of the hydrophobic ligands with water soluble ones is the most widely 

used method to achieve aqueous QDs, but suffer from aggregation and loss of 

luminescence intensity due to surface perturbation. Alternatively, silica coating, 

attachment of hydrophilic molecules or polymers, growth of water soluble polymers 

from the QD surface or deposition of amphiphilic polymers are alternative routes 

(Figure 1. 10). Although, direct synthesis of QDs in the aqueous medium usually 

produces QDs with broader size distribution and lower quantum yield, due to the safer 

and simpler steps of the synthesis, becoming more and more popular.
14

  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.10 Different ways to produce aqueous QDs from hydrophobic ones (A-D) and 

directly in water (E). 
15
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 QDs are composed of the semicrystalline crystal core and an organic shell which 

makes the particle hydrophilic or hydrophobic.  Organic shell is comprised of 

surfactants or ligands which have an affinity to crystal surface hence adsorb or bind to 

crystal surface and form a coating around it.  Surfactants play a significant role in the 

control of particle growth during the synthesis.   When they bound on the crystal 

surface, they prevent growth in that direction. Hence, prevent formation of the bulk 

material and further help to tune the crystal size. Also, an effective surface passivation 

by surfactants are essential for stability and strong luminescence, which usually 

balances the nonstoichiometric surfaces, eliminates dangling bonds, etc.  Such surface 

defects usually results in non-radiative events and surface oxidation.  So, the choice of 

the surfactant is important and a good surface passivation is essential for stable and 

good quality colloidal QDs.   

 

 Surfactants with thiol (S-H) groups are usually preferred for chalcogenides such 

as CdS, CdSe, PbS, Ag2S. Yet, at least di-functional molecules are used for the 

preparation of aqueous QDs since hydrophilic groups are necessary in the organic 

coating to provide suspension of QDs in aqueous environments. Thioacetamide
16

, 

Cyseine 
17

, 2-mercaptopropionic acid 
14, 18

 and DMSA 
19

 are some of the mostly used 

ligands for aqueous QDs, and the last two were developed by our group. Additionally, 

organic coating should be carefully chosen for bio-applications, since toxicity is an 

issue and many times, drugs, genes, proteins etc are desired to be loaded to such organic 

coatings for therapeutic or targeting purposes.  So, a carefully designed aq. QD may act 

as a multifunctional nanoparticle (Figure 1.11).   
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Figure 1.11 Schematic example to a multifunctional QD.
20

  

 

1.4 Applicable Platforms for QDs 

 Unique optical and electronic properties of QDs make them attractive to many 

different technological platforms energy, electronics, biotechnology, optics and 

medicine.  In optical labeling in biotechnology and optical imaging in medicine, they 

overcome the limitations of organic dyes as fluorescent probes.  First of all, QDs are 

much more resistant to photo-bleaching which increases the experimental time 

dramatically and allows long monitoring time. In addition they have large molar 

extinction coefficient and usually high quantum yield which provides good signal at 

low doses. Thirdly, QDs have broad absorption spectra so they can be excited at 

different wavelengths, hence many different QDs can be excited at a single wavelength 

which is almost impossible with organic dyes. Plus, emission peaks are usually narrow 

which prevents mixed signals when different QDs are used simultaneously. Lastly by 

changing the size and or the composition, fluorescence from the UV through the near 

infrared can be achieved with QDs 
1
. Due to these advantages of QDs, they are accepted 

as the new fluorophores to replace organic dyes for detection and labeling functions. 

QDs were first used in biological labeling in 1998. 
11

 They were mostly used in bio-

analytical assays 
21

, coding 
4
, biological labeling and in vivo imaging. Bio-analytic uses 
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of QDs can be divided into two major subjects: immunoassays and biosensors.    

Availability of different emission wavelength and strong emission allows barcode 

generation with QDs that can be read at a single wavelength excitation. In the article of 

Han et al in 2001 
4
, three QDs (red, green and blue) were used for barcode generation. 

For that study, polystyrene beads encapsulating QDs were conjugated to DNA. Each 

color represented different nucleic acid sequences and thus hybridized DNA could be 

detected by co-localization of the signal.
4
 QDs are also promising materials or optical 

imaging in both in vitro and in vivo imaging studies.
22

 With a careful choice of the 

organic shell, QDs may act as multifunctional, theranostic nanoparticles (Figure 1.12). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.12 Available platforms for multifunctional QDs in medicine.
23

 

 

Large Stokes shifts of QDs improve the detection sensitivity. Conversely 

organic dyes having usually small Stokes shifts are not so clearly detected because of 

autofluorescence. So, signals of QDs with large Stokes shifts are much more 

recognizable than organic dyes. This advantage of QDs is especially important in the in 

vivo studies. In Figure 1.13, image (II), due to large Stokes shifts of the QD, signals 

coming from tumor fluorescence and background fluorescence didn’t overlap. In 

addition, QDs can be different colors so they can tag different molecules or proteins and 

it makes them very attractive materials as optical probes. 
22
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1.5 NIR Ag2S QDs in Biological Applications 

Group II-VI visible range quantum dots such as CdS, CdSe, CdTe, ZnSe are 

excited in UV, luminesce in the visible range (400-700 nm) and are the most studied 

ones. Even though these quantum dots have high quantum yields, there are significant 

drawbacks in their biological applications. The most significant ones are the 

autofluorescence of living tissue in the visible range (Figure 1.14), limited penetration 

depth of the UV and visible light, absorption and scattering due to some biological 

components like hemoglobin and water in the visible range and excitation in the UV. 
18, 

24
In recent years, the proper wavelength window for biological applications (such as 

biolabeling, deep tissue imaging, and photodynamic therapy systems) has been 

proposed as the near IR range (700-900 nm). 
25

 

B.Figure 1.13 (I) Cell internalization of folic acid 

tagged QDs (FA-QDs) in human KB carcinoma 

cell line (Ia) Bright-field image of control KB cell 

(Ib) KB cells incubated with FA-QDs (Ic) 

Internalization of bovine serum albumin tagged 

QDs in KB cell.50 (II) In vivo tumor imaging with 

QD that was injected into right flank. Orange color 

represents the QD signal.51  
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Figure 1.14 Image of a sacrificed athymic nu/nu mouse (a) under white light, 

and autofluorescence detected at excitation/emission sets of (b) blue/green (460–

500 nm/505–560 nm), (c) green/red (525–555 nm/590–650 nm) and (d) NIR (725–

775 nm/790–830 nm). 26 

 

Cytotoxicity is another crucially important aspect of quantum dots when 

considered for bio-applications. In the literature there are many NIR quantum dots such 

as CdSeTe, CdSeTe/Cd, and PbS. Yet, they have highly toxic heavy metals such as 

cadmium, lead etc..
27

 To decrease the toxicity of Cd-based quantum dots, they are 

usually with biocompatible polymers like polyethylene glycol, but this solution has its 

own problems such as limited internalization of QDs. So, heavy metal-free quantum 

dots with NIR emission are the most desired nanoparticles recently for biomedical 

applications. Ag2S quantum dots that are both heavy metal free and fluorescent in the 

NIR has emerged as the most promising QDs in the recent years 
28,

 
29,30

  

 Colloidal stability, high QY and nontoxicity in HeLa and NIH-3T3 cells up to 

600 µg/mL particle doses were obtained with 2MPA coated Ag2S quantum dots (Figure 

1.15). 
18
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Figure 1.15 (1) Viability of NIH/3T3 mouse fibroblast cells after 24 h exposure to 

2MPA coated Ag2S quantum dots. (II) Cellular uptake and localization of Ag2S QDs by 

NIH/3T3 mouse fibroblast cells (200 μg mL
−1

 QDs, 24 h incubation). (A) Fluorescence, 

(B) transmission and (C) merged.
18

  

 

Several groups have studied the biodistribution and tumor imaging properties of Ag2S 

NIR QDs that are luminescent n the NIRI or NIRII regions (Figure 1.16). 

Figure 1.16 (a)–(d) Time course of NIR-II fluorescence images of the mouse 

injected with DOX@PEG–Ag2S. 
31

 

 

1.6 Gene Therapy  

 Gene therapy is a technique based on successful delivery of DNA into the cell 

nucleus. At first, in 1979 gene therapy was succeeded by calcium phosphate 

technology. Desired gene in the form of oligonucleotide or plasmid was sent into the 

cells that lack the gene, have mutated gene or need more gene.  

I II 

javascript:popupOBO('CHEBI:50853','C2JM31959D','http://www.ebi.ac.uk/chebi/searchId.do?chebiId=50853')
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 Plasmid DNAs are small DNA molecules that are separated from chromosomal 

DNA physically and they exist in the cell in a circular shape. They consist of double 

stranded DNA. They are mostly found in bacteria but also found in archea and 

eukaryotic organisms, too. Their sizes range between a few thousand base pairs (bp) to 

100 kilo (bp) which is about 4-20% of the genomic DNA. Like chromosomal DNA, 

plasmid DNA is also reproduced at each cell division process and split up into divided 

cells. Some plasmids encode enzymes that inactivate the antibiotics. So, bacteria can 

reproduce in the environment with antibiotics. In gene therapy techniques, the interested 

DNA plasmid is targeted into different cells to cause a gene expression. Plasmids are 

negatively charged due to the nucleic acids, so they cannot pass through the negatively 

charged cell membrane easily. Therefore, some techniques are investigated to increase 

the cell internalization. Some physical techniques such as sonoporation 
32

, heat shock 

and electroporation are used for extending pores on the surface of the cells and by this 

way allow the passage of plasmid DNA through the pores. However, these techniques 

don’t provide high transfection efficiency and are inappropriate for the in vivo 

applications. In addition, protection of the gene is also crucial in the in vivo 

applications. Plasmid DNAs are usually digested by nuclease enzyme of the liver. 

Therefore, for the protection of the plasmid DNA and effective internalization by the 

cells, carrier vectors are required.  

 

 

 

 

 

 

 

 

 

Figure 1.17 Schematic of non-viral gene transfection. 
33
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 Cancer is one of the most deadly diseases at the present time. The disease is seen 

as abnormal growth of the cells and their invasion to other parts of the body. In this 

disease, genes that are responsible for cell differentiation and cell growth are generally 

mutated and they cannot encode the respective proteins. If the tumor is localized at the 

defined area of the body; chemotherapy, radiotherapy and surgical operation can be 

applied. When cancer cells spread into the body and have metastasis, these therapy 

techniques remain incapable. Chemotherapeutic methods have low drug specificity and 

block also the fast division of some healthy cells, yet have serious side-effects. 

Chemotherapy may also cause development of drug-resistance. Because of these 

problems, new anticancer strategies that does not cause more resistant phenotypes 

should be investigated. Due to the human genome project, molecular level information 

of cancer disease is now much clearer. Comparing to classical procedures, gene therapy 

is much more effective and specific. By using this therapy, damaged genes can be 

replaced with the new ones and undesirable genes can be repressed. 

 In gene therapy both viral and non-viral systems are used as the carrier vector. In 

viral methods retroviruses, adenoviruses and adeno-assosive viruses are used. Although 

viral systems provide high transfection efficiency, it has high risk and causes 

immunologic problems.
34

 Therefore, non-viral vectors are preferred in the recent years 

(Figure 1.9). Non-viral vectors, usually polymers, are more biocompatible and more 

reliable. Also, these vectors have ease of handling and their DNA loading capacity is 

high. These non-viral vectors can be functionalized for the target cells.
35

 Mostly 

cationic polymers such as polyethyleneimine, poly(dimethylaminoethyl methacrylate) 

or liposomes are used as non-viral vectors, but there are also examples to dendrimers 

and peptides.  Nanoparticles with cationic coatings can be utilized for gene transfection 

as well.  Oligonucleotides, si-RNA, peptides, aptamers and antibodies can be bond to 

the surface of the cationic nanoparticles. Nanoparticles such as QDs, provide 

multimodality, such as targeted gene delivery and real time optical imaging which is 

very crucial to track the nanoparticles in vivo and track the outcome of the therapy. 
35b
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1.6.1 p53 Gene and Cancer  

There are two fundamental mechanisms that have responsibilities in cancer 

disease. These are oncogenes and tumor suppressor genes. Oncogenes are mutated 

version of proto-oncogenes that are normally responsible for cell growth, cell 

differentiation and regulation of mitogenic signals. On the other hand tumor suppressor 

genes regulate cell cycle and protect them from mutations. They recognize the DNA 

damages in the first phase of cell division and state them at G1/S phase. When DNA is 

damaged, DNA repair protein is activated by tumor suppressor genes but on the level of 

change beyond repair, these genes lead the cells to death.52 One of the most known and 

important tumor suppressor genes is p53 gene encoding p53 protein. P53 protein 

participates in cell protection mechanisms such as DNA repair, apoptosis and cell cycle 

regulation.53  Many cancers such as breast and prostate, are caused by the absence of p53 

gene. More than 50% cancer patients have mutated p53 gene. Because of these reasons 

p53 is one of the most significant genes in cancer therapy.  

 

 

1.7 Polyethyleneimine (PEI) 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.18 Chemical structures of branch (A) and linear (B) PEI polymers 

 

 DNA is a negatively charged polynucleotide that carries genomic code. 

Therefore, positively charged materials such as polymers, copolymers, liposomes and 
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inorganic materials can be used for DNA binding. Branched PEI (25 kDa) is so far the 

best non-viral vehicle with the highest transfection efficiency (Figure 1.18 A).  Due to 

its high positive charge, PEI can easily bind to DNA.
37

 After PEI-DNA complex 

formation, the polyplex still possesses a positive charge that allows favorable 

internalization of the polyplex into the target cells.  Polyplexes are taken by the cells via 

endocytosis. The material is firstly localized in the endosome then goes into the 

cytoplasm of the cell. DNA release from the polyplex happens due to proton sponge 

effect. Released DNA goes into the cell nucleus and transcription process starts (Figure 

1.19).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.19 Formation of polyplexes and gene delivery process. 
38

 

 

 Comparing to other cationic materials, PEI has more resistance to nuclease 

enzyme degradation. (40). Due to primary (25%), secondary (%50) and tertiary (25%) 

amine groups, PEI can be dissolved in water, easily.  When the solvent is acidic, amines 

of PEI are protonated and they form highly branched webby structure. PEI can be linear 

or branch (Figure 1.18). Due to high transfection efficiency, branch PEI with 25kDa 

molecular weight is mostly preferred in gene therapy. The higher molecular weight 
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PEIs provide higher transfection efficiency of DNA and RNA. However, PEIs with 

higher molecular weight than 25kDa have serious toxicity issues. When the molecular 

weight of PEI decreases, transfection efficiency also decreases but viability increases 

and 25kDa PEI provides acceptable biocompatibility and transfection efficiency. 

35b
Alternatively, linear PEI is also studied.  Linear PEI is more biocompatible but also 

less effective in the transfection experiment.  

 In the selection of cationic polymers for polyplex formation there are couple of 

important points to be considered: Toxicity of the cationic polymer, formation of stable 

complexes, high specific internalization of polyplexes by the cells, effective release of 

the gene from the vector.  In addition to these, surface charge and size of the polyplex 

are crucial as well since it impacts the blood circulation time and biodistribution. To 

reduce toxicity of the polymeric vectors such as PEI, more biocompatible polymers like 

PEG are attached to polymers. Another method to reduce the toxicity is to reduce the 

molecular weight of the polymer. 
39

 In order to leverage the reduced transfection 

efficiency due to the reduced molecular weight, Dr. Yağcı Acar and her coworkers, 

attached short PEI chains (1200 Da) to the surface of superparamagnetic nanoparticles 

to deliver siRNA (WO2006055447-A2).  

 

1.7.1 PEI coated QDs 

 Nanoparticles are considered as good candidates for drug and gene because they 

have high surface to volume ratio, they can be internalized easily by endocytosis, they 

can be targeted by tagging with a specific ligand and their organic shell can be tailored 

in different chemical nature to bind drug or gene. QDs are one of the most attractive 

nanoparticles that can offer both means of diagnosis and therapy, which is highly 

desired in medicine.  QDs with tunable strong emission and long luminescence lifetimes 

can be exploited as great real time optical imaging probes.  When coated with a cationic 

polymer may bind and deliver genes to the target as well.  Therefore, there is an effort 

in development of cationic QDs, such as PEI coated QDs.   Such QDs were synthesized 
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in different ways like ligand exchange, electrostatic coating, covalent coating and direct 

coating. 

 

 Ligand exchange 

Original hydrophobic ligands (such as oleic acid and trioctylphosphine oxide 

(TOPO)) coating the crystal surface, are replaced with PEI in an organic solvent. 

However, this method caused a dramatic decrease in the original quantum yield of the 

QD (to 40%). 
40

 

 

 Electrostatic coating 

 QDs with anionic coatings can electrostatically interact with the cationic PEI. In 

the literature, mercaptoacetic acid (MAA) coated NIR luminescent CdTe QDs are 

electrostatically bond to linear and branch PEI chains.
41

 In addition, MAA coated CdS 

QDs are bond to PEI polymers with 1.7kDa, 3kDa and 15kDa molecular weight and 

obtained better quantum yields upon PEI deposition. 
41

  

 

 Covalent binding  

 PEI can be covalently conjugated to QDs having coatings with carboxylic acid 

groups via amidation. In the literature, PEI was bond to mercaptoacetic acid coated CdS 

by amidation.
42

 Utilizing the same chemistry folic acid for targeting folate receptors 

was conjugated to PEI, as well. Such chemistry usually causes a red shift in the 

emission peak of the QD. 

 

 Direct coating  

 QDs can be synthesized directly in aqueous solution of PEI. In the literature, 

CdS/ZnS core shell QDs synthesized in the presence of branch PEI (10kDa) 
43

There are 

also examples to CdS QDs synthesized in the presence of PEG5000-PEI (both linear 

and branch). 
44
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1.7.2. PEI coated Ag2S QDs 

 In an effort to develop cation and biocompatible QDs that are fluorescent in the 

medical window, Ag2S coated with branch PEI (25 kDa) was produced by Fatma Demir 

et al 
45

 Yet, it was found that bPEI (25kDa) do not provide luminescent.  Ag2S QDs 

unless it is mixed with a small, strongly binding thiolated molecule, 2-

mercaptopropionic acid. Such particles with the mixed coating effectively provide 

optical images in vitro and deliver GFP to cells.   

 

 

 

 

 

 

 

 

 

 

 

 

      

Figure 1.20 Transfection of HeLa cells. (A) Cells were transfected with the pMax-GFP 

plasmid using Ag2S-PEI/2MPA NIR QDs or control PEI (1 μg ml
−1

). Transfection 

efficiency was assessed using a fluorescence microscope. Hoechst staining was used to 

show the nuclei of all cells in the field. (B) Quantitative analysis of GFP positive cells 

n (A) (mean ± SD of independent experiments, n = 3). 
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1.8. Objective of this Thesis 

 

         There is a tremendous urge to develop multifunctional nanoparticles in 

medicine, especially nanoparticles that offer both therapeutic and diagnostic functions, 

simultaneously.  Such particles are called theranostic nanoparticles and quantum dots, 

which are possibly the most studied nanoparticles in the last decade or so, are one of the 

most appropriate candidates. Nanoparticles with large surface to volume ratio and with 

carefully selected organic coatings can bind drugs, genes, proteins, etc and can be 

tagged for the targeted delivery of the cargo to the site of interest.  If these nanoparticles 

are quantum dots, when excited, they would provide a long lasting strong 

photoluminescence, which can be utilized as optical imaging agents for diagnostic or 

tracking purposes.  Compared to MRI, resolution in optical imaging is much better, but 

there is an important limitation: QDs with strong luminescence in the 700-900 nm range 

is required for low autofluorescence, deeper penetration and safer imaging.  Second 

limitation is the biocompatibility of the inorganic core and the organic shell of QDs. 

The most widely studied Cd-chalcogenides that are luminescent in the visible range are 

hence inappropriate for in vivo applications, but Ag2S QDs are very promising due to 

much better cytocompatibility and photoluminescence in the near-infrared region.   

 In recent years, gene therapy has become very popular and created a great 

hope in the treatment of many diseases. This approach requires internalization of 

nucleic acids into target cells for therapy. Many transfection vectors have been 

evaluated and among the non-viral ones, a polycation, branched-PEI emerged as the 

most effective transfection agent. PEI has molecular weight and structure dependent 

toxicity. Branched ones are more toxic than the linear ones and as the molecular weight 

increases the toxicity increase, but also the transfection efficiency.  Branched PEI at 

25kDa molecular weight is accepted as the golden standard with a good balance of 

toxicity and transfection efficiency. 

 In this thesis work, the main objective is to develop biocompatible, cationic, 

NIR emitting theranostic quantum dots suitable as gene transfection vectors and optical 
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imaging agents.  For this purpose linear PEI with more favorable cytocompatibility 

compared to the branched one was planned to be used as the cationic organic shell for 

highly cytocompatible and NIR emitting Ag2S QD core. Based on the prior work 

performed in our laboratory with the branched PEI, it was known that stability of the 

Ag2S QDs with PEI coating is molecular weight dependent and Ag2S QDs with 

branched PEI does not luminesce.   Therefore, the major questions planned to be 

answered in this thesis are: 

 Can linear PEI with no primary amine effectively bind to Ag2S core? 

 Can low molecular weight linear PEI effectively bind to Ag2S core? 

 How would the optical, physical, chemical and biological properties of Ag2S 

QDs would change if a mixed coating composed of linear PEI and a small 

molecule is used? 

 How would the properties of Ag2S QDs would change by the molecular weight 

of the linear PEI, nature of the small molecule and the coating composition? 

 Are such QDs potential theranostic nanoparticles? 

 

To answer these questions and achieve the objective of this study, aqueous synthesis of 

Ag2S NIR QDs with linear PEI at 25 and 2.5 kDa molecular weights and their mixture 

with 2-mercaptopropionic acid (2MPA) and L-Cyseine (Cys) at different ratios were 

performed. 2-MPA were chosen due to its superior stability and surface binding to other 

small thio-acid.  L-Cyseine was chosen since it is a natural aminoacid which could 

provide better cytocompatibility and also contribute to cationic nature of the organic 

coating with its side chain primary amine.   

 Influence of reaction pH, molecular weight of linear PEI, nature of the small 

thiolated molecule, coating composition and medium pH on stability, emission window, 

luminescence intensity, size, charge and also on cytotoxicity and cell internalization 

was planned to be studied to determine the most suitable quantum dots for theranostic 

applications where optical imaging will be combined with gene therapy. 



 

Chapter 2: Elemental                                                                                                23

 

 

  

 

 

 

Chapter 2 

 

EXPERIMENTAL 

 

2.1 Materials  

All the chemicals used were of analytical grade or of the highest purity commercially 

available. Silver nitrate (AgNO3), 2-mercaptopropionic acid (2MPA) and  L-Cyseine 

were purchased from Sigma-Aldrich.  Sodium sulfide (Na2S) was purchased from Alfa-

Aesar. Linear polyethyleneimines (25kDa and 2.5kDa) were purchased from 

Polysciences, Inc. Thioacetamide (TAA) was purchased from Merck. Dimethyl 

sulfoxide (DMSO) was purchased from VWR. Ethanol (EtOH) was purchased from 

Merck. Phosphate buffered saline (PBS) tablets were purchased from Sigma and fetal 

bovine serum (FBS) was purchased from Capricorn.  MTT (3-(4,5-dimethylthiazol-2-

yl)-2,5-diphenyltetrazolium bromide) was purchased from AppliChem. Dulbeccos 

Modified Eagles Medium (DMEM; 4500 mg/L glucose, 4 mM L-glutamine, 110 mg/ L 

sodium pyruvate) and Trypsin–EDTA were purchased from Hyclone (USA). 96-well 

plates were purchased from Santa Cruz Biotechnology, Inc. (USA).LDS 798 near-IR 

laser dye (Quantum yield reported as 14% in DMSO by the producer) was purchased 

from Exciton Inc. Acetic acid and sodium hydroxide were purchased from Merck. 

Paraformaldehyde (4%) was purchased from Chemcruz. 4,6-Diamidino-2-phenylindole 

dihydrochloride (DAPI) was purchased from Sigma Aldrich. Milli-Q water (18 mOhm) 

was used as a solvent.  HeLa (Human cervical carcinoma), HCT 116 WT (Human colon 

cancer) and HCT 116 P53(-) cells were received from Gözüaçık Laboratory (Sabancı 

University, Turkey). 
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2.2 Synthesis of 2MPA/L-PEI Coated Ag2S NIR QDs  

 

Figure 2.1. Schematic representation of the 2MPA/L-PEI coated Ag2S NIR QD 

synthesis.  

A typical preparation method of 2MPA/L-PEI coated Ag2S NIR QDs is as 

follows (Figure 2.1): 75 mL deionized water in a three-neck round-bottom flask was 

purged with Argon for 15 minutes. Silver nitrate (0.25 mmol AgNO3) was added into 

the flask. First, L-PEI is added to the silver nitrate solution. In order to dissolve L-PEI 

in water, pH was adjusted to 8.5 with sodium hydroxide (NaOH). Then, the appropriate 

amount of 2-mercaptopropionic acid (2MPA) was added into the solution. After 

addition of 2MPA, pH was adjusted to 5.7 with acetic acid (CH3COOH). Thioacetic 

acid (0.0625 mmol TAA) was dissolved in 25 mL deoxygenated water in a separate 

round bottomed flask. TAA solution was sonicated under Argon for 15 minutes and 

transferred into the reaction solution via a syringe.  Reactions were carried out for 3-5 

hours under Argon and vigorous mechanical stirring at 70 ºC. During the synthesis, 

aliquots were taken at different time points to follow the particle growth. Results 

colloidal suspension of Ag2S QDs were washed with MilliQ water in Amicon-Ultra 

centrifugal filters (3kDa and 30kDa cut off) depending on MW of L-PEI (2.5k and 

25kDa) and stored at 4 °C in the dark.   
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Coating materials/Ag/S mole ratio was set to 20/4/1. Mole of the secondary 

nitrogens in L-PEI and the mole of the thiol group in 2MPA were used in such 

formulations.  When 20/80 2MPA/L-PEI is used, this means mole ratio of the SH 

groups of 2MPA to N of PEI is equal to 20/80. Influence of 2MPA/L-PEI mole ratio, 

pH and MW of L-PEI (2.5k and 25kDa) on particle properties were studied. 

 

2.3 Synthesis of L-Cyseine/L-PEI Coated Ag2S NIR QDs 

 

 

Figure 2.2 Scheme of L-Cyseine/L-PEI coated Ag2S NIR QD synthesis. 

 

A typical preparation method for L-Cyseine/L-PEI coated Ag2S NIR QDs is 

very similar to the synthesis of 2MPA/L-PEI coated Ag2S NIR QDs as detailed in 

Section 2.2 of this thesis.  Reactions were carried out for 2-3 hours under Argon and 

vigorous mechanical stirring at 70 ºC. Coating materials/Ag/S mole ratio was set to 

20/4/1 again. Mole of the secondary nitrogens in L-PEI and the mole of the thiol group 

in Cyseine was used in such formulations.  When 20/80 Cyseine/L-PEI is used, this 

means mole ratio of the SH groups of Cyseine to N of PEI is equal to 20/80.  Influence 

of Cyseine/L-PEI mole ratio, pH and MW of L-PEI (2.5k and 25kDa) on particle 

properties were studied.  
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2.4 Cell Culture  

 

Human cervical carcinoma (HeLa) cells were cultured in complete DMEM 

medium consisting of 10% fetal bovine serum, 1% penicillin-streptomycin antibiotic 

solution and 4 mM L-glutamine. Human colon carcinoma (HCT 116 WT) and Human 

colon carcinoma p53 gene (-) (HCT 116 p53(-)) cells were incubated in complete 

McCoy’s 5A Medium containing 10% fetal bovine serum, 1% penicillin-streptomycin 

antibiotic solution, 1.5 mM L-glutamine and 2200 mg/L sodium bicarbonate. All cell 

lines were incubated at 37°C under 5% CO2. Cell passage with fresh medium is 

performed once in two days. For cell detachment process, Trypsin-EDTA was used and 

paraformaldehyde was used to fix the cells on the 6 well plates for microscopic images. 

DAPI was used for labeling the cell nuclei.  

 

2.5 Determination of Cell viability via MTT Cytotoxicity Test 

 

Human cervical carcinoma (HeLa) and Human colon carcinoma WT and p53(-) 

(HCT 116) cells were cultured at a 1x10
4
 cells/well in 96-well plates in complete 

DMEM and McCoy’s 5A Medium, as described above. After 24 hours, nanoparticles 

were added in to each well  with fresh medium up to 200 µL at doses between 0.8-10 

µg Ag/mL for 24 hours incubation and 25-50 µg Ag/mL for 4 hours incubation time. In 

the control group, the medium was replaced with only fresh medium. For cell viability 

test, 5 mg/mL MTT solution in 1M PBS was prepared. After 24 hour incubation with 

nanoparticles, the medium (consisting of the un-internalized nanoparticles and dead 

cells, if any) in the wells were replaced with 150 µL specific medium for the cell type 

and 50 µL of MTT solution. Mitochondrial activity of viable cells reduces MTT to 

formazan product (Figure 2.39. After 4 h incubation time with MTT reagent, medium 
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was discarded and in order to dissolve purple formazan product, 200 µL DMSO:EtOH 

(1:1) was added  

to each well. Quantity of formazan was determined by the absorbance at 600 nm 

(ELx800 Biotek Elisa reader) indicating the number of viable cells. To correct any 

errors that would come from the absorbance of cells, absorbance value at 630 nm 

coming from background signals was subtracted from the absorbance value at 600 nm. 

Percent viability was calculated as the average of five replicates with respect to 

absorbance average of control with no nanoparticle exposures. Statistical analysis was 

performed by one-way ANOVA with Tukey's multiple comparison test of the Graph 

Pad Prism 5 software from GraphPad Software, Inc., USA. 

 

 

 

 

 

 

 

Figure 2.3 Chemical structures of MTT dye and formazan. 
46

 

 

2.6 Cell Uptake  

Amount of the Ag2S QDs internalized by cells was measured by the amount of 

silver ion in the cell lysates via Genesis ICP-OES.  For this purpose, cells were 

incubated with QDs as explained in the previous section, in 96 well plates. After 4 

hours incubation, to remove un-internalized nanoparticles, the medium was replaced 

with 200 µL DI water. Then the contents of each well were transferred carefully into a 

10ml volumetric flask containing 200 µL nitric acid and 200 µL sulfuric acid.  

Remaining volume was filled with DI water. As a control wells with cells but no QD 

incubation and QDs at the applied doses were used and prepared for ICP as described 

above. Cell uptake was calculated as silver amount of five replicate wells of each dose 
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with respect to control wells. ICP measurement of each sample was repeated three 

times. A standard calibration curve for Ag was generated before the analysis of cell 

lysates (Figure 2.4). Statistical analysis was performed by one-way ANOVA with 

Tukey's multiple comparison test of the Graph Pad Prism 5 software from GraphPad 

Software, Inc., USA. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4 Calibration curve of Ag ion via ICP-MS.  

 

 

 

2.7 Cell Imaging  

Human cervical carcinoma (HeLa) cell lines were cultured at 5x10
4
 cells/well in 

6-well plates in complete DMEM culture medium overnight, then the medium was 

replaced with fresh DMEM and QDs at 25 and 50 µg Ag/mL doses. After 4 hours 

incubation time, the medium was discarded and the cells were washed with PBS (1M) 

for three times. Then, 1 mL paraformaldehyde was added to each well and stored in 

dark to fix cells for 20 minutes. Then paraformaldehyde was removed and each well 

was washed with PBS (1M) for three times. Following this protocol, DAPI dye was 
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added into each well at 1 µL dye /mL PBS (1M) concentration and the plate was stored 

in dark for 30 minutes to stain cell nuclei with DAPI dye. Then DAPI dye and PBS 

(1M) were discarded and each well was washed with 1 M PBS for three times. 1 mL 

PBS was left in each well. The fixed cell samples were examined under the Inverted 

Life Science Microscope (Olympus-Xcellence RT Life Science Microscopy). Two 

different filters that were specific for DAPI dye region (λexc: 352-402 nm and emission: 

417-477 nm) and NIR region (λexc: 550 nm and emission: 650 nm long pass) were used 

for microscopic images of cellular nucleus and NIR emitting QDs. As a control, same 

experimental process was performed with control cells with no nanoparticles.  

 

2.8  Characterization  

 

 Functional group analysis was done by recording IR spectrum on a Thermo 

Scientific Nicolet iS10 instrument (ATR-FTIR) in the wavenumber range of 400-4000 

cm
-1

. Absorbance spectra for Ag2S-PEG QDs were recorded on a Shimadzu 3101 PC 

UV-vis-NIR spectrometer in the 300–800 nm range. Particle sizes were calculated from 

the absorbance onset using Brus equation (Eqn. 1). 
47

       

 

 

 

Eqn 1.  

 

 

 

ΔE is the band gap energy difference between the bulk semiconductor and the 

quantum dot and R is the radius of the quantum dot, effective electron and hole masses 

for Ag2S are me (0.286m0) and mh (1.096) 
48

 and dielectric constant (εAg2S) of bulk Ag2S 

is 5.95 
48

.  

Hydrodynamic size and zeta potential measurements were performed by Malvern 

zetasizer nano ZS. 
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Ag
+
 ion amount of the quantum dot solutions was determined by Spectro Genesis 

FEE Inductively Coupled Plasma Optical Emission Spectrometer (ICP OES). The 

results were calculated based on reference curve that was prepared by standard 

solutions. For the ICP analysis procedure, QD solutions were prepared with nitric acid, 

sulfuric acid and diluted with DI water. 

TEM analysis was performed at UNAM, Ankara. A dilute solution of QDs were 

dropped on a carbon coated Cu-grid and evaporated. For the high resolution images, 

FEI Tecnai G2 F30 TEM operated at 200kV was used.   

For Photoluminescence spectroscopy, a home-made instrument with gold 

reflector, 0.5 m Czerny-Turner monochromator and silicon detector that is sensitive 

over the wavelength range of 400-1100 nm and Si detector with femto-watt sensitivity 

(Thorlabs PDF10A, 1.4 × 10
−15

 W Hz
−1/2

) were used.  A continuous-wave, frequency 

doubled Nd:vanadate laser operating at 532 nm was used for excitation. 590 nm long 

pass filter was used at the emission site. Slid width was arranged to 0.2 nm for the 

measurements. 

 

Eqn 2. 

 

 

Quantum yield (QY) was calculated based on the detailed procedure in the 

literature.
49

 As a reference dye, LDS 798 NIR dye (QY = 14%, reported by the 

producer) was used. For this calculation, four different concentrations of dye and 

sample solutions were prepared in water. The absorbance values were kept below 0.1 at 

532 nm.  The area under the emission peak of each sample versus absorbance values at 

excitation wavelength (532 nm) were plotted and the QY was calculated from the slopes 

of these lines created for the sample and the reference dye using Eqn 2.  
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Chapter 3 

 

DEVELOPMENT OF 2MPA/L-PEI STABILIZED Ag2S QUANTUM DOTS  

 

3.1 Research Objectives   

   

  Research presented in this thesis aims to invent new generation quantum dots as 

transfection agents for cancer therapy. The heavy metal free, biocompatible, highly 

fluorescent and stable Ag2S NIR quantum dots were planned to be exploited for this 

purpose. Since these Ag2S NIR quantum dots were designed to be used as transfection 

vector, Polyethyleneimine (PEI) was chosen as the coating material. PEI is a cationic 

polymer that can strongly bind to oligonucleotides and due to its proton sponge effect, 

this cargo can be released from the polymer into cytoplasm when internalized by the 

cells. Instead of branched PEI, that was mostly preferred in the literature, linear PEI (L-

PEI) was chosen here because of the superior biocompatibility of the L-PEI compared 

to the branched one However, L-PEI coated Ag2S NIR QDs didn’t show any  

luminescence. Yet, combination of the L-PEI and 2-mercapto propionic acid (2MPA) 

provided stable and luminescent Ag2S NIR QDs.  Chapter 3, mainly includes the 

synthesis and characterization of Ag2S NIR QDs that are co-encapsulated with L-PEI 

and 2MPA. Variables of the reaction was altered to understand their influence in the 

final particle properties and to achieve the target NIR QD which is colloidally stable, 
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highly luminescent between 700-900 nm for diagnosis purpose, cationic for 

oligonucleotide delivery, biocompatible and possess a high transfection efficiency for 

therapeutic purpose. Since it is well known that the molecular weight of PEI influences 

the toxicity and the transfection efficiency both 2.5kDa and 25kDa L-PEI were 

investigated in this project. Also, PEI/2MPA ratio and the pH of the reaction medium 

were changed. Particle properties such as particle sizes, luminescence wavelength, 

quantum yield, colloidal stability and toxicity were determined as a function of these 

variables.  Also, gene binding ability and potential as optical imaging agents were 

evaluated. 

 

3.2 Results and Discussion  

 

   3.2.1 Quantum Dot Synthesis and Characterization   

     

 All QDs were synthesized by using the best coating/Ag/S ratio as 20/4/1 that 

was known from our previous studies for Ag2S quantum dots. All reactions were 

performed at pH 5.7, where the solution became clear and L-PEI was completely 

solved. 2MPA/L-PEI ratios of 20/80 and 40/60 were studied.  

 

Table 3.1 Formulation and Properties of 2MPA/L-PEI coated NIR Ag2S Quantum Dots 

 

Rxn 

Code 

PEI MW 

(kDa) 

2MPA/PEI 

(mol ratio) 

pH Emission λmax 

(nm) (pH 5) 

D
b
 

(nm) 

Band 

Gap (eV) 

QY
a
 

(%) 

DAA-34 25 0/100 5.7 - 2.6 1.6 - 

DAA-35 25 20/80 5.7 872 2.2 1.9 - 

DAA-36 25 40/60 5.7 897 2.3 1.8 - 

DAA-37 2.5 0/100 5.7 - 2.6 1.5 - 

DAA-38 2.5 20/80 5.7 791 2.5 1.7 310 

DAA-39 2.5 40/60 5.7 810 2.3 1.8 - 

DAA-40 - 100/0 5.7 828 2.5 1.6 - 
a
Quantum yield calculated with respect to LDS 798 near-IR dye 

b 
Particle sizes 

calculated by Brus equation.
47
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Even though linear PEI (2.5kDa and 25kDa) coated Ag2S quantum dots had 

colloidal stability, they didn’t have any luminescence property. All QDs that were 

coated with only 2MPA or 2MPA/ L-PEI mixture have luminescence in the NIR region 

(between 790-900 nm) when excited at 512 nm. All crystal sizes were calculated from 

Brus equation using the absorbance onset determined from the absorbance spectra 

(Figure 3.1).   Band gap energies corresponding to calculated sizes are between 1.5-1.9 

eV. NIR QD coated with 2MPA had an emission maxima at 828 nm with a crystal size 

of 2.5 nm (Table 3.1). Ag2S QDs synthesized with only L-PEI were about 2.6 nm but 

not luminescent.  Ag2S QDs with the mixed coatings were mostly smaller than the both 

based on the Brus eqn. based crystal size.  When emission maxima of the Ag2S QDs 

with the mixed coatings were compared with the Ag2S/2MPA, those with 2.5kDa L-

PEI/2MPA were emitting at shorter wavelengths (791-810 nm) and those with 25kDa 

L-PEI were emitting at longer wavelengths (872-897 nm). Increasing 2MPA amount in 

the coating mixture caused a red shift in the emission maxima, 25 nm for 2.5kDa L-PEI 

and 19 nm for 25kDa L-PEI.   

 

    3.2.1.1 Influence of Reaction Time on Particle Size and Emission Properties of 

Ag2S QDs 

 

 Mixing L-PEI and 2MPA as a Ag2S coating provided a synergistic effect.  

Ag2S/L-PEI QDs were not luminescent and Ag2S/2MPA QDs were highly luminescent 

(Figure 3.1).   Yet, Ag2S coated with 2MPA/L-PEI luminesce better than the later 

(Figure 3.2). Based on the absorption data, all Ag2S QDs with the mixed coating have 

absorbance onset at shorter wavelengths than PEI coated ones and hence indicate 

smaller crystal sizes.  When the emission peak of Ag2S QDs synthesized in 3 hours 

were compared, composition of the mixed coating influenced the peak position and the 

intensity mostly for the compositions containing 25kDa L-PEI, but was insignificant for 

the compositions containing 2.5 kDa L-PEI.  Higher 2MPA amount (40 mol %) caused 

a red shift about 100nm and increased the intensity almost 4 times over the one 
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containing 20 mol % 2MPA in the coating composition (Figure 3.1a). On the other 

hand, maximum emission peak positions of 20/80 2MPA/L-PEI (2.5kDa) QD and 40/60 

2MPA/L-PEI (2.5kDa) QD were around 820 nm with a slightly better luminescence. 

intensity of 40/60 2MPA/L-PEI (25kDa) (Figure 3.1 (A)). 

 

Figure 3.1 Photoluminescence and absorbance intensity results of 2MPA/l-PEI (MW: 

2.5kDa and 25kDa) coated NIR Ag2S Quantum Dots in 3h (A and C) and 5h (B and D) 

reaction time points.  

  

 When the crystal growth was allowed for 5 hours, larger crystals with red shifted 

absorbance onset and emission maxima (40-50 nm) were obtained (Figure 3.1 (B and 

D). One of the major impact of extended reaction time was seen in the three times 

enhancement of the emission intensity of Ag2S coated with 40/60 2MPA/L-PEI 

(2.5kDa) compared to the QD synthesized at this composition and conditions in 3 h. In 
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case of mixed coatings with 25kDa L-PEI, intensity increase in the emission peak was 

increased 4 times with 20/80 and almost 3 times with 40/60 2MPA/L-PEI (25kDa).  

Overall, based on this data, it can be concluded that the emission peak position can be 

tuned further by the reaction time, 40/60 2MPA/L-PEI provide more luminescent QDs, 

25kDa L-PEI is more influenced from the reaction variables and the best luminescing 

Ag2S QDs are produced by 40/60 2MPA/L-PEI (25 kDa) coating.  

For comparison with the available data in the literature, quantum yield of the 

freshly preapared 20/80 2MPA/L-PEI (25kDa) QD was calculated as 310 % with 

respect to LDS 798 near-IR dye which is way above the highest recorded QY of 150% 

for 2MPA/B-PEI (25 kDa) until today.  

 

 

 

 

 

 

 

 

 

Figure 3.2 Photoluminescence intensity results of 2MPA, L-PEI and 2MPA/L-PEI 

(MW 2.5kDa) (5h) and 2MPA/L-PEI (MW 25kDa) (5h) coated NIR Ag2S Quantum 

Dots. 

 

Synergistic effect of the mixed coating is well presented in Figure 3.2 where the 

emission spectra of Ag2S/2MPA, Ag2S/L-PEI and Ag2S/2MPA/L-PEI are shown.  

Except 20/80 2MPA/L-PEI (25kDa) case, all QDs with the mixed coating luminesce 

much better than the Ag2S/2MPA.  Ag2S with 40/60 2MPA/L-PEI luminesce about 3 
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times more strongly than the Ag2S/2MPA.  One interesting observation is that, the 

emission maxima did not shift to lower wavelengths when 2MPA amount was 

decreased except 20/80 2MPA/L-PEI 25 (kDa).   

 

 

 

 

 

 

 

 

 

Figure 3.3 Photoluminescence spectra (A) and absorbance (B) intensity results of 40/60 

2MPA/25kDa L-PEI NIR Ag2S Quantum Dots at different time points during the 

synthesis.  

 

Effect of reaction time on particle size and particle quality was examined further 

with 40/60 2MPA/L-PEI (25kDa) coating composition.  Emission and absorbance 

spectra of these QDs were recorded at different time points for 12 hours (Figure 3.3). 

Time dependent growth of QDs is indicated by the red shift of the emission peak and 

the absorbance onset.  The major change in both is more significant within the first 9.5 

h and the most intense emission peak was achieved in 7h around 900 nm.  
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    3.2.1.2 Influence of the pH on Optical properties of Ag2S NIR QDs 

 

 

 

 

 

 

 

 

 

Figure 3.4 Absorbance calibrated photoluminescence (A) and absorbance spectra (B) of 

2MPA coated NIR Ag2S quantum dots at different pH values after the synthesis.  

 

Due limitation in the solubility of L-PEI and the L-PEI/2MPA/AgNO3 mixture, 

the optimum pH for the particle synthesis was determined as 5.7. All QDs were 

synthesized at pH 5.7 but after purification their optical properties were tested at 

different pH values, namely pH 5,7,10. For this study, the particles that are summarized 

in Table 3.1 were used. In case of 2MPA coating alone, no significant shift in the peak 

position was observed with the pH but overall, QDs showed strong emission in neutral 

and acidic pH (Figure 3.4). QDs coated only with L-PEI had no significant emission at 

any pH values (Figure 3.5).   

In case of Ag2S QDs with mixed coatings, the effect was different.  For both 

20/80 2MPA/L-PEI (25kDa) and 40/60 2MPA/L-PEI (25kDa) coated QDs, the best 

luminescence intensities were recorded at pH 5 and the worst at pH 10 with no 

significant shift in the peak maxima. Absorbance of the QDs had red shift at pH 10 as 

well (Figure 3.5). The most dramatic emission enhancement in acidic pH was observed 
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with 40/60 2MPA/L-PEI (25kDa) QD, since the pH sensitive coating component is the 

2MPA but not PEI as shown in Figure 3.4 and Figure 3.5a. Yet, part of the weaker 

emission intensity of the QDs as pH 7 may be partially due to the poor solubility of L-

PEI at pH7. On the other hand, such strong pH dependence can be very handy in optical 

imaging where internalized QDs would luminesce stronger than the ones in the blood 

stream. 

QDs coated with the 2MPA/L-PEI (2.5 kDa) had similar results (Figure 3.6). pH 

didn’t change the PL peak positions but changed the emission intensities. 20/80 

2MPA/L-PEI (2.5kDa) QD obtained the highest PL intensity at pH 5 and 7 (Figure 3.6 

(b)). The highest PL intensity of 40/60 2MPA/L-PEI (2.5kDa) QD was seen at pH 5 

(Figure 3.6 (c)). Differently PL intensity of 40/60 2MPA/L-PEI (2.5kDa) QD at pH10 

was founded higher than PL intensity at pH7 (Figure 3.6 (c)). However the highest PL 

intensities of 2MPA/L-PEI (2.5kDa) QDs having different coating ratio were obtained 

at pH5. 
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Figure 3.5 Absorption calibrated photoluminescence (left hand side) and normalized 

absorbance (right hand side) spectra of 2MPA/25kDa L-PEI Ag2S NIR QDs at different 

pH values.  
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Figure 3.6 Absorption calibrated photoluminescence (left hand side) and normalized 

absorbance (right hand side) spectra of 2MPA/2.5kDa L-PEI Ag2S NIR QDs at 

different pH values. 
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Figure 3.7 Photoluminescence spectra of 2MPA/L-PEI (MW: 2.5kDa and 25kDa) 

coated NIR Ag2S quantum dots at different pH points (pH 5, 7 and 10) after synthesis.  

 

 When the emission spectra of QDs with different coatings at different pH 

values were investigated, the strongest luminescence peaks were detected at pH 5. 

Strongest luminescence was obtained from Ag2S QD coated with 40/60 2MPA/L-PEI 

25kDa at 895 nm. Other QDs had nearly same PL intensities with different peak 

positions (Figure 3.7). At pH 7 the most luminescent QDs were 40/60 2MPA/ L-PEI 

25kDa (882 nm) and 20/80 2MPA/ L-PEI 2.5kDa (810 nm) coated ones and they 

luminesce also stronger than 2MPA coated ones.  At pH 10, each particle lost 
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significant amount of intensity but 20/80 2MPA/L-PEI 2.5kDa coated QDs showed the 

strongest emission. At all pH values, the QD that had the most luminescence was found 

as 20/80 2MPA/l-PEI 2.5kDa QD.  

              Overall, the influence of pH was more dramatic in the luminescence intensity 

and especially for the 2MPA/ L-PEI 25kDa coatings. This may be due to longer chain 

length of the polymer and the unbound  nitrogen atom amount and number of free 

electron pairs. The main reason behind enhanced luminescence intensity is proposed as 

the protonation of the amine groups. At acidic pH, protonated PEI causes electrostatic 

repulsion that inhibits particle aggregation and also eliminates the free electron pair 

which may trap the photogenerated holes in the valence band, reducing emissive 

electron-hole coupling process. Therefore, elimination of these processes by protonation 

of PEI should increase the luminescence intensity.  

 

    3.2.1.3 Quantum Yield of 20/80 2MPA/ L-PEI 2.5kDa QD  

 

 

 

 

 

 

 

 

 

 

 

Figure 3.8 Graph of Slope of PL curve areas versus Absorbance of 20/80 

2MPA/2.5kDa L-PEI QD and LDS 798 NIR dye.  
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            Highly luminescent colloidal Ag2S QDs were obtained with 2MPA/L-PEI mixed 

coatings. In order to calculate the quantum yield, Ag2S QDs coated with 20/80 2MPA/ 

L-PEI 2.5kDa which showed the strongest emission at all pH values was synthesized 

again. Four different concentration of these QDs with absorbance values below 0.1 

(0.01, 0.02, 0.04 and 0.06) at the excitation wavelength (532 nm) and LDS 798 NIR dye 

were prepared and the QY was calculated as detailed in chapter 2. At pH5, calculated 

QY is 310 % which is exceptionally high. However, emission intensity of the QDs 

decreased with time (Figure 3.9).  However, even after 8 months, these particles still 

have strong enough emission for biomedical imaging. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.9 Photoluminescence spectra of 2MPA/L-PEI (MW: 2.5kDa and 25kDa) on 

May 2015 and September 2014.  
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    3.2.1.4 Size Analysis of 2MPA/L-PEI Coated Ag2S NIR QDs 

 

Table 3.2 Hydrodynamic size and Zeta potential of 2MPA/L-PEI (MW: 2.5kDa and 

25kDa) coated Ag2S NIR QDs in different mediums. 

 

 

a,b 
Average hydrodynamic number average and zeta potential of QDs were measured by 

DLS instrument.  

 

 

 

 

 DIW pH 7.4 DMEM  pH 7.4 DIW pH 5 

Rxn  

ID 

L-PEI 

(kDa) 

2MPA/L-

PEI 

 

D
a 

(nm) 

 

Zeta 

Pot.
b 

(mV) 

 

D
a 
(nm) 

 

Zeta 

Pot.
b 

(mV) 

 

D
a 

(nm) 

 

Zeta 

Pot.
b 

(mV) 

 

DAA-34 25 0/100 3.45±0.8 18.8 

±5.9 

6.7 ± 1.5 -8.1 54.0 ± 

21.8 

28.2 ± 

10.7 

DAA-35 

 

25 20/80  6.6 ± 

5.5 

7.2 ± 1.6 -13.2 25.4 ± 

13.9 

3.9 ± 

7.6 

DAA-36 

 

25 40/60 42.8 ± 

18.1 

 5.5 ± 1.5 -9.7 17.6 ± 

6.5 

42.6 ± 

9.0 

DAA-37 2.5 0/100 3.19 ± 0.6 3.5 ± 

5.3 

6.1 ± 1.5 -8.5 7.9 ± 

2.6 

1.3 ± 

2.9 

DAA-38 

 

2.5 20/80 5.7 ±1.7 4.0 ± 

3.6 

836.6 ± 

478.4 

-12.8 3.5 ± 

1.0 

0.98 ± 

4.5 

DAA-39 

 

2.5 40/60 3.4 ± 0.7 4.2 ± 

4.0 

5.5 ± 1.4 -8.73 3.4 ± 

0.8 

2.7 ± 

5.3 
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Hydrodynamic size and zeta potential of 2MPA/L-PEI (2.5kDa and 25kDa) 

coated Ag2S NIR QDs in water (pH 5 and 7.4) and DMEM were tabulated in Table 3.2. 

Instead of 40/60 2MPA/ L-PEI 25kDa QD, size data of all other QDs were found as less 

than 10 nm in water (pH 7.4). Ag2S NIR QDs coated with 25kDa L-PEI has a very 

positive surface charge of +18 mV at pH 7.4 and +28 mV at pH 5 but with 2.5 kDa L-

PEI had a zeta potential of 1-3 eV, almost zero.  This indicates that with the higher 

molecular weight, more and more free amine groups on the polymeric shell is available, 

and with the low molecular weight, a significant portion of the amines are surface 

bound.  Also, more positive values at lower pH is supposed to be due to the protonation 

of the amine groups.  Actually, these reflect themselves on hydrodynamic size, as well.  

QDs with the mixed coating have larger hydrodynamic size in general if the L-PEI is 

25kDa.   Also, hydrodynamic size does not got affected from the pH (Table 3.2) 

significantly if low molecular weight L-PEI is used, supporting this assumption.  

Because protonated amine amount on L-PEI (25kDa) is more than L-PEI (2.5kDa). 

Similarly, except for the 40/60 2MPA/L-PEI  (25kDa) coated one, all  QDs with the 

mixed coating has a very low positive zeta potential (less than 10 mV). In general, both 

hydrodynamic size and zeta potential increased a little bit at pH 5. At pH 5, 2MPA/L-

PEI (25kDa) QDs had bigger hydrodynamic number sizes and more positive zeta 

potentials than 2MPA/L-PEI (2.5kDa) QDs had. In DMEM medium, except 20/80 

2MPA/L-PEI (2.5kDa) coated QD, hydrodynamic sizes of all part with larger size 

compared to pH 7.4 buffer, in general. Indeed, the surface charge of the particles 

became negative in the DMEM, indicating surface adsorption of some medium 

components.  Since DMEM has many inorganic salts, amino acids and vitamins in its 

composition, it is highly possible that some of these materials interact with the QD 

surface altering charge and stability.  Such a change in the surface charge indicated that 

DMEM is not a suitable medium for loading genes onto these QDs.  
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Particle size calculated from the Brus equation indicates the crystal core size and 

the size measured by DLS indicates the hydrodynamic size which includes the crystal 

core and the organic shell.  TEM images also gives information about the morphology 

and the crystal size.  Spherical shaped nanoparticles with particle sizes between 2 to 

6nm were observed in the TEM images of 40/60 2MPA/L-PEI 25kDa coated QDs 

(Figure 3.10). Other QDs are expected to have similar morphology and dispersity since 

full width at half maximum values of the particles are similar. 

 

 

 

 

 

 

 

 

 

Figure 3.10 TEM images of 40/60 2MPA/L-PEI 25kDa coated QDs.  

 

    3.2.1.5 Coating Composition  

 

The coating composition is stated as the mole ratio of the amine groups coming 

from the PEI and the thiol of the 2MPA used in the synthesis.  However, this does not 

necessarily reflect the actual coating composition in the final QD synthesized.  

Elemental analysis of the cleaned QDs provided the actual N/S ratio in the organic 

coating, giving information about the actual 2MPA/L-PEI ratio. 
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Table 3.3 N/S ratio of L-PEI/2MPA (MW: 2.5kDa and 25kDa) coated NIR Ag2S 

quantum dots. 

 

Rxn ID L-PEI (kDa) L-PEI/2MPA N (wt %) Experimental
* 
N/S (g/g) S mol % 

DAA-35 25 80/20 9.6 1.00 30 

DAA-36 25 60/40 8.1 0.69 39 

DAA-38 2.5 80/20 8.7 1.23 26 

DAA-39 2.5 60/40 7.4 0.61 42 
*
Elemental analysis result.  

 

Elemental analysis determines the N and S weight % of the ―burned‖ component 

of the QDs (Table 3.3). Theoretically, QDs having same L-PEI/2MPA ratio should have 

same amount of nitrogen atom mole. When N/S w/w ratios were examined, it was 

found that 60/40 L-PEI (2.5kDa and 25kDa) /2MPA coated Ag2S QDs had nearly same 

ratio, 0.61 and 0.69, respectively. When nitrogen mole content increased from 60  to 80 

mole %, N/S ratio was increased to 1 and 1.23, for 25kDa and 2.5 kDa PEI, 

respectively. When these values were converted into N and S mol%, it was found that 

30 and 39 mol % 2MPA is present in the final coating when 20 and 40 mol % 2MPA 

was used in the synthesis in case of high molecular weight PEI mixtures.  When low 

molecular weight PEI was used, 26 and 42 mol % 2MPA was incorporated to the 

coating with 20 and 40 mol% initial 2MPA. Since, 2MPA has thiol groups which has 

higher affinity to particle surface, higher amounts of 2MPA than the formulation was 

found in the final composition. 
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    3.2.1.6 In Vitro Toxicity Evaluation of 2MPA/ L-PEI Coated Ag2S QDs 

Table 3.4 Silver and nanoparticle concentration of 2MPA/ L-PEI Ag2S QD solutions.  

 

 

 

 

 

 

 

a
 ICP-OES, 

b
Weight of solid content after evaporation of water. 

 

 Cell viability studies of 2MPA/ L-PEI (2.5kDa and 25kDa) Ag2S QDs were 

performed by MTT test. Doses of the QDs were prepared based on Ag ion content of 

the particles which was detected by ICP-MS.  Ag concentration in the range of 0.75-10 

µg/mL was used for the cell viability studies. Since each formulation had different 

particle concentration and crystal size, particle concentration was reported at fixed Ag 

concentration of 10 µg/mL Ag in Table 3.4.  It seems  like there is more organic content 

in formulations with higher PEI content.  

 

 

 

 

 

 

 

 

 

 

Rxn 

Code 

PEI MW 

(kDa) 

2MPA/PEI 

(mol ratio) 

Ag
a
 

(µg/mL) 

Particle
b
 

(µg/mL)  

DAA-34 25 0/100 10 42.4 

DAA-35 25 20/80 10 37.6 

DAA-36 25 40/60 10 43.4 

DAA-37 2.5 0/100 10 105.8 

DAA-38 2.5 20/80 10 45.2 

DAA-39 2.5 40/60 10 62 
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Figure 3.11 Viability of HeLa cells in the presence of 2MPA/L-PEI Ag2S QDs (pH 7.4) 

after 24 hours incubation as determined by MTT assay (one-way ANOVA with Tukey's 

multiple comparison at p < 0.05(*),  p < 0.01 (**),  p < 0.001 (***) and  p < 

0.0001(****).  

 

In the cell viability studies one of the most studied cells, human cervical cancer 

(HeLa) cell line was used. pH of the particles were set to 7.4 before incubation. 

According to the results shown in Figure 3.11, the most toxic QD is the L-PEI  (25kDa) 

coated Ag2S  and at 5.6 µg/mL Ag dose cell viability decreased below 30%.  As  

expected, QD coated with 2.5kDa L-PEI is much less toxic and the significant toxicity 

was seen at 10 µg/mL Ag dose. This is in agreement with the molecular weight 

dependent toxicity data reported in the literature. When QDs with the mixed coatings 

were investigated, it was seen that increasing L-PEI in the compositions increased the 

toxicity. However, mixed coating compositions bring about a synergy in the toxicity 

and reduced toxicity compared to pure PEI coatings.   
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Overall, QDs with mixed coating having 2.5kDa L-PEI were more 

biocompatible and actually up till 5.5 g/mL Ag dose they are all cytocompatible. One 

of the important discoveries of this study is that 40/60 2MPA / L-PEI (25kDa) Ag2S 

QDs are not toxic even at 10 µg/mL Ag dose.  Since this QD has 25kDa L-PEI, non-

toxic nature is very valuable since the transfection efficiency usually increases with the 

molecular weight.   (Figure 3.11) 

Figure 3.12 Viability of HeLa cells in the presence of 2MPA/L-PEI Ag2S QDs (pH 5) 

after 24 hours incubation as determined by MTT assay (one-way ANOVA with Tukey's 

multiple comparison at p < 0.05(*),  p < 0.01 (**),  p < 0.001 (***) and  p < 

0.0001(****).  
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To examine the effect of acidic pH also on the cell viability, MTT assay was also 

performed at pH 5 (Figure 3.12). For exact comparison, again HeLa cell line and same 

doses were used. When Figure 3.12 was investigated, it was seen that QDs, specifically 

the L-PEI coated ones, showed slightly higher toxicity at low doses when their pH was 

adjusted to 5 with much less difference between the 2.5 and 25 kDa PEI.  In this study, 

toxicity of 2.5kDa  L-PEI coated QDs started at 0.8 µg/mL Ag dose and 25kDa  L-PEI 

coated QDs started at 1.3 µg/mL Ag dose. It was expected that acidic pH would produce 

more positive surface which may increase cell internalization and toxicity, yet on the 

other hand the most dramatic charge and size change based on acidic pH was observed 

only in case of 25kDa L-PEI coated QDs (Table 3.2). Also, since the incubation 

medium is DMEM and all particles possess a negative charge in this medium, no 

dramatic difference may be normal. Amongst the QDs with the mixed coating,  the most 

toxic one was 20/80 2MPA /L-PEI (25kDa) QD again.  The most biocompatible QD at 

acidic pH was found as 40/60 2MPA/L-PEI (2.5kDa). The pH study also showed that 

when mole amount and molecular weight of L-PEI increased, toxicity also increased. 

Because of this reason 20/80 2MPA/L-PEI (2.5kDa) QD emerged as the most 

biocompatible QD.  

2MPA/L-PEI Ag2S QDs are expected to be effective gene delivery vehicles. p53 

tumor suppressor gene is one of the targets for such a study. Because of this reason, p53 

positive (HCT 116 WT) and negative human colon cancer cell lines were also used in 

the toxicity studies of 2MPA/L-PEI (2.5kDa ve 25kDa) Ag2S QDs. In the HCT 116 WT  

(Figure 3.13) significant toxicity was seen even at 1 µg/mL Ag concentration. On the 

other hand,   viability above 100% at high doses were seen. 2.5kDa L-PEI coated QD 

had 150% viability at 0.8 µg/mL Ag concentration and 20/80 2MPA/L-PEI (25kDa) 

Ag2S QD had between 130% and  150% viability values at each dose from 2.4 to 7.5 

µg/mL Ag. 20/80 2MPA/L-PEI (2.5kDa) Ag2S QD had also more than 100% viability at 

each dose between 2.4 to 7.5µg/mL Ag. Similar results were also seen in our previous 

experiments with other Ag2S QDs. MTT viability test is not directly related to viable 

cell number. MTT viability test is directly related to activity of the enzyme that reduces 
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MTT dye into formazan dye. These QDs could cause stress for cell line after 

internalization and the activity of the mitochondrial enzyme could increase because of 

the stress. All results that were above 100% viability dramatically decreased at 

10µg/mL Ag dose. Dose dependent toxicity of L-PEI (2.5 and 25kDa) coated QDs was 

seen and these QDs were found as the most toxic QDs for this cell line, too (Figure 

3.13). All QDs with mixed coatings are dramatically more cytocompatible and caused 

ca 80% viability at 7.5µg/mL Ag dose. The most biocompatible QD in HCT 116 WT 

cell line were found as 40/60 2MPA/L-PEI (2.5 and 25kDa) Ag2S QDs with no 

significantly toxicity even at 10µg/mL (Figure 3.13). 

 

 

Figure 3.13 Viability of HCT116WT cells in the presence of 2MPA/L-PEI Ag2S QDs 

(pH 7.4) after 24 hours incubation as determined by MTT assay (one-way ANOVA 

with Tukey's multiple comparison at p < 0.05(*),  p < 0.01 (**),  p < 0.001 (***) and  

p < 0.0001(****).  
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Figure 3.14 Viability of HCT116 p53(-) cells in the presence of 2MPA/L-PEI Ag2S 

QDs at pH 5 after 24 hours incubation time and measured by MTT assay (one-way 

ANOVA with Tukey's multiple comparison at p < 0.05(*),  p < 0.01 (**),  p < 0.001 

(***) and p < 0.0001(****). 

 

Cytocompatibility of these QDs in HCT166 p53(-) cells which  lack the 

p53tumor suppressor gene was also determined by MTT assay (Figure 3.14). The most 

toxic QDs are again the ones with only PEI coating with no dramatic difference 

between the molecular weights.  Toxicity with only PEI coated QDs were seen first at 

5.6µg/mL Ag dose.  Again QDs with the mixed coating were much more 

cytocompatible and none of them showed any significant toxicity even at 10µg/mL Ag 

dose.  40/60 2MPA/L-PEI (2.5 kDa) Ag2S QDs was detected as the least toxic QD. 

These results were found consistent. HCT 116 p53(-) cells were expected to be more 

resistant than the WT, because these cells  didn’t have tumor suppressor p53 gene that 

also induces apoptosis, and MTT results supports this. 
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Figure 3.15 Cell viability of HeLa cells in the presence of 2MPA/L-PEI Ag2S QDs at 

pH 5 after 4 hours incubation time and measured by MTT assay (one-way ANOVA 

with Tukey's multiple comparison at p < 0.05(*),  p < 0.01 (**),  p < 0.001 (***) and 

p < 0.0001(****). 

 

It is important to relate the cell viability to the cellular internalization of QDs.  

Many times, the lower cytotoxicity is due to lower uptake of the particles by the cells.  

ICP-MS technique was utilized to measure the amount of internalized QDs by the cells.  

Due to the detection limits of the instrument,  high doses of QDs (25 and 50µg/mL Ag) 

were incubated with cells for  4 hour. Then both toxicity by MTT and uptake by ICP-

MS was determined.  Under these conditions, only PEI coated QDs showed significant 

toxicity and indeed, 2.5kDA PEI coated Ag2S QD caused about 30% viability at both 

doses but 25kDa PEI coated Ag2S showed dramatic toxicity only at 50 µg/mL Ag dose 

(Figure 3.15).  This is somewhat different than what was observed at low doses (Figure 

3.11). But actually, at 10ug Ag/mL, after 24h incubation both nanoparticles showed 

similar toxicity to HeLa cells.  This can be correlated well with much higher 

internalization of 2.5kDa L-PEI Ag2S QDs  compared to 25kDa L-PEI Ag2S QDs 
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(Figure 3.16). However, the origin of such difference in cell internalization is not clear 

since in DMEM both QDs have similar zeta potential and hydrodynamic size (Table 

3.2) The only major difference is that at pH 7.4 Ag2S QDs coated with 25kDa PEI has 

mcuh higher positive zeta potential, meaning more cationic surface which could have 

actually increase the cellular internalization. Therefore, the origin of such behaviour 

needs further investigation such as determination of protein corona.   

 

 

Figure 3.16 Quantification of internalized 2MPA/L-PEI Ag2S QDs (pH 7.4) by HeLA 

cells in 4 hours incubation time. 

 

In the same study, QDs having a mixed coating didn’t show any significant 

toxicity; therefore these cell uptake data should be quite reliable. The most dose 

dependent uptake was determined for Ag2S QDs coated with 25kDa L-PEI.  For the 

rest, considering the error bars, there is no significant dose dependence. An interesting 

finding is that QDs with 40/60 2MPA/L-PEI (2.5kDa and 25kDa) coating were 

internalized in the least amount by HeLa cells: less than 20% at each dose. Cells 

internalized about 40% of the material if 20/80 2MPA/L-PEI (25kDa) coating was used 
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(Figure 3.15) regardless of the dose used.  But the internalization increased with 2.5 

kDa L-PEI mixed coatings. Overall, low molecular weight PEI caused higher 

internalization and the mixed coatings with 80% PEI with the 2.5kDa L-PEI were 

internalized more, yet allowed more than 80% viability.  High uptake and low toxicity 

is very crucial for drug and gene delivery studies.  QDs with 60% L-PEI regardless of 

the molecular weight were internalized in smaller amounts and did not cause significant 

toxicity. 

    3.2.1.7 Evaluation of 2MPA/ L-PEI Ag2S QDs as Optical Probes 

 

 

 

Figure 3.17 Inverted fluorescence microscopy images of HeLa cells incubated with 

40/60 2MPA/L-PEI (25kDa) Ag2S QD at 50µg/mL Ag dose for 4 hours. NIR filter 

(excitation wavelength = 550 nm, 640 nm long pass emission filter) 
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In order to visually confirm the internalization of 2MPA/L-PEI Ag2S QDs by 

the cells and evaluate their use as optical diagnostic probes, cell incubated with QDs 

were imaged under inverted fluorescence microscope (Figure 3.17). High dose and 

short incubation times were used (50µg/mL Ag dose).  DAPI dye and DAPI filter was 

utilized to stain the cell nucleus. Even though, the sensitivity of the detectors used in the  

microscope falls around 30 %  right after 800 nm, 40/60 2MPA/L-PEI Ag2S QD with  

emission peak maximum at 897 nm, showed a very strong signal with a NIR filter 

(excitation wavelength = 550nm, 640 nm long pass emission filter).  In Figure 3.17, the 

red color represents the emission originating from 40/60 2MPA/L-PEI Ag2S QD using 

the NIR filter and the blue color represents cell nucleus that is imaged by DAPI filter. 

When the images of QD internalized cells were compared with the control cell images, 

highly strong optical signal was observed. The QD signal was distributed in the 

cytoplasm of the cells.  

In order to support optical probe feature of the 2MPA/L-PEI Ag2S QDs, another 

biological model, c.elegans, was also used. C.elegans have many advantages to be 

chosen as a model for biological studies. First of all, they are transparent and they can 

be easily analyzed. They are resistant to extreme conditions and have 35 % homolog 

human genes. C.elegans were incubated in QD (20/80 2MPA/L-PEI (25kDa) Ag2S) 

solution at 320µg/mL Ag dose for 2 hours. Then the images were taken by inverted 

fluorescence microscope. QD internalized c.elegans showed very strong NIR signal that 

was homogeneously distributed (Figure 3.17). The optical signal was only absent in the 

eggs of the c.elegans because of the anatomically very hard protective coating of the 

eggs.  

These confirm the suitability of these new QDs as optical probes in optical 

imaging studies. 
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Figure 3.18 Inverted fluorescence microscopy images of 20/80 2MPA/L-PEI (25kDa) 

Ag2S QD internalized c. elegans.  Incubation dose : 320µg/mL Ag, İncubation time: 2h. 

Excitation at 550nm and NIR filter was used in the emission.  

 

3.3 Conclusion  

Colloidal L-PEI and 2MPA/L-PEI coated Ag2S QDs were synthesized in 

aqueous solution. L-PEI produced colloidally stable but non-luminescent particles, 

regardless of the molecular weight (2.5 and 25 kDa).  2MPA/L-PEI mixed coatings 

produced colloidally stable, small, cationic Ag2S QDs that are highly luminescent in the 

NIR region. The crystal size and the emission wavelength of the QDs can be tuned by 

the 2MPA/L-PEI ratio. The emission peak maxima of the QDs are between 791-897 nm 

which is quite suitable for medical imaging. Mixed coating provided a synergy in the 

optical properties. In general, all QDs with the mixed coating showed a stronger 

Control Phase 

NIR NIR-Phase 
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luminescence than the 2MPA coated QDs. Yet, emission properties were influenced by 

the pH of the environment:  QDs showed higher luminescence intensity at pH 5, which 

may be partly due to disaggregation of particles upon protonation. These are all 

favorable properties for biological studies utilizing these QDs. 

Cytocompatibility of all QDs were determined in three different cell lines: One 

of the most widely used cells, HeLa, and also HTC 116 both wild type and p53 

negative.  In general, Ag2S QDs coated only with L-PEI were the most toxic ones. 

Those with the mixed coatings were more cytocompatible based on the MTT assay, 

indicating a synergy in the toxicity as well. Toxicity started at around 7.5 and 10 µg 

Ag/mL dose, respectively in HeLa and HCT116 WT cells. HCT116 p53(-) cells were 

more robust and  no toxicity was observed with mixed coatings even at 10µg Ag/mL.  

Toxicity of the Ag2S QDs with the mixed coating is higher if the When L-PEI amount 

in the composition increased, formulation has 80% PEI compared to those with 60%. 

Molecular weight of the L-PEI did not show a uniform trend in the toxicity if a mixed 

coating is used, which is actually an advantages outcome of the study. Internalization of 

the nanoparticles by the HeLa cells were determined at high dose and short incubation 

time which indicated that only L-PEI coated Ag2S QDs are internalized more than the 

ones with 60% L-PEI in the coating formulation, 2.5 kDa L-PEI coated ones are 

internalized most, and 80% L-PEI containing ones have a dose independent uptake 

around 40% with 25KDa L_PEI and 70-80% with 2.5kDa PEI.  Most importantly, 

under these circumstances none of the QDs with the mixed coating caused any 

significant toxicity to HeLa cells whereas the only L-PEI coated caused a significant 

drop in the cell viability. 

QDs with the mixed coating were also evaluated as optical probes using HeLa 

cells and c. elegans.  In both studies, using a NIR filter set in the fluorescent microscope 

and a visible light excitation source, very strong optical images were obtained. 

Overall, 2MPA/L-PEI coating provided biocompatible NIR emitting Ag2S QDs 

with strong optical signals both in vitro and in vivo. Hence, they have great potential as 

multifunctional nanoparticles. 
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Chapter 4 

 

DEVELOPMENT OF Cyseine/L-PEI STABILIZED Ag2S QUANTUM DOTS  

 

4.1 Research Objectives  

   

  In an effort to develop cationic and biocompatible Ag2S QDs, as shown in Chapter 

3, L-PEI can be successfully used as the organic cationic coating, but in order to have 

strongly luminescent NIR Ag2S QDs, a mixed coating composed of L-PEI with a small 

thiolated molecule, 2MPA, is necessary.  Indeed, both optical properties and the 

Cytocompatibility of cationic Ag2S QDs improved with the incorporation of 2MPA into 

the coating.  

  Research presented in this chapter focuses on development of Ag2S NIR QDs with 

Cyseine/L-PEI mixed coatings. Cyseine is an amino acid having a thiol side chain and 

biosynthesized in the humans. It was considered as a good alternative to 2MPA in the 

co-stabilization of Ag2S QDs with L-PEI, since it is a biocompatible amino acid, has a 

thiol group for surface binding and also a free amine group in addition to a free 

carboxylic acid. In the literature many examples of Cyseine coated QDs can be found. 

As an example, Cyseine coated CdSe/CdS QDs reported to have narrower size 

distribution and higher QY than mercaptoacetic acids coated CdSe/CdS QDs. In this 

chapter, effects of Cyseine (Cys) in the mixed coating on Ag2S properties, specifically 

stability, QY, emission wavelength and toxicity will be discussed.   
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   4.2.1 Quantum Dot Synthesis and Characterization   

 

Table 4.1 Formulation and Properties of Cyseine/L-PEI coated NIR Ag2S Quantum 

Dots 

 

Rxn 

Code 

PEI MW 

(kDa) 

Cys/PEI 

(mol ratio) 

pH Emission λmax 

(nm) (pH 5) 

D
a
 

(nm) 

Band 

Gap 

(eV) 

DAA-41 25 40/60 5.7 830 2.5 1.7 

DAA-42 25 50/50 5.7 828 2.5 1.6 

DAA-43 25 20/80 5.7 727 2.3 1.8 

DAA-44 2.5 40/60 5.7 810 2.5 1.6 

DAA-45 2.5 20/80 5.7 783 2.3 1.8 

DAA-46 2.5 50/50 5.7 897 2.6 1.6 

DAA-47 - 100/0 5.7 910 2.5 1.6 
a 
Particle sizes calculated by Brus equation 

47
 

 

All particles were prepared at fixed coating/Ag/S mole ratio of 20/4/1 at 70 ºC 

and pH 5.7 where L-PEI was dissolved completely.  Cys/L-PEI ratios of 100/0, 20/80, 

40/60 and 50/50 were studied (Table 4.1). Two different molecular weights of L-PEI 

that are 2.5 kDa and 25 kDa were studied.  All QDs with the Cys/ L-PEI mixed coatings 

were colloidally stable and luminesce in the NIR region when excited at 532 nm. 

Crystal sizes of these QDs were calculated from Brus equation using the absorbance 

onset determined from the absorbance spectra as explained in Chapter 2. Band gap 

energies of the QDs related to their crystal sizes were calculated between 1.6 eV and 1.8 

eV. The emission maxima of only Cys coated Ag2S QD was found as 910 nm. Cys/L-

PEI mixed coated Ag2S QDs had emission maxima wavelengths between 727-897 nm. 

The emission maxima of Ag2S QDs with the mixed coating having 25kDa L-PEI were 

between 727-830 nm. When 2.5 kDa L-PEI was used, this range red shifted to 783-897 

nm. In general, as the PEI content increased the emission maxima shifted to lower 

wavelengths indicating smaller crystal sizes (Table 4.1). This is similar to trend seen in 

2MPA/L-PEI coated Ag2S QDs (Figure 3.1). However, in case of 2MPA containing 

mixed coatings, 25 kDa L-PEI caused larger particle sizes and hence emission at longer 
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wavelengths.  This may suggest that in case of Cyseine/L-PEI, longer polymer chains 

passified the crystal surface more effectively than shorter chains, but it is vice versa in 

case of 2MPA/L-PEI coatings.  In addition the effect of the coating composition in the 

emission maxima position is more dramatic in case of Cys containing coatings 

compared to 2MPA containing ones. For example as Cyseine increased from 20 to 40%, 

emission maxima showed about 113 nm red shift with 25kda PEI and 27 nm with 

2.5kDa L-PEI (Table 4.1). These values were 25 nm and 21 nm in case of 2MPA/L-PEI 

coated Ag2S QDs.   This indicates a difference in the surface passivation of Cyseine 

versus 2MPA and difference in the interaction between L-PEI and 2MPA versus L-PEI 

and Cyseine. Yet, since small molecules can adsorb on the crystal surface more quickly 

with faster diffusion and thiolated molecules bind more strongly to the crystal surface 

(thiols are soft bases and Ag
+
 is a soft acid, whereas amines and carboxylic acids are 

hard bases), decreasing crystal sizes were expected with increasing amount of 2MPA or 

Cyseine. Observation of just the opposite suggests that, when higher content of a 

macromolecule is used, Ag ions are mostly coordinated with the relatively slowly 

diffusing macromolecules, and as the concentration and/or the molecular weight of the 

macromolecule increases, number of Ag ions per chain decreases.  Each Ag-polymer 

complex may be considered as a nanoreactor and each nanoreactor has less Ag as the 

molecular weight and/or the amount of macromolecule increases, hence produces 

smaller crystals. Emission maxima of 20 and 40 % Cyseine containing and 2MPA 

containing Ag2S QDs with mixed coatings are similar when 2.5kDA PEI was used 

(Table 3.1 and 4.1), but significantly shifted to lower wavelengths with Cyseine 

compared to 2MPA if 25kDa L-PEI was used.  This may indicate better surface 

passivation of Cyseine versus 2MPA and/or larger amount of Ag-Cyseine complex 

formation compared to Ag-2MPA.  
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    4.2.1.1 Influence of Reaction Time on Particle Size and Emission Properties of 

Ag2S QDs  

 

Particle growth and the optical properties Ag2S QDs with 40/60 and 50/50 Cys/ 

L-PEI 25kDa were tracked by analyzing the aliquots taken from the reaction mixture 

during crystal growth. When photoluminescence spectra of these aliquots were 

examined (Figure 4.1), the maximum luminescence intensity was detected at the 3
rd

 

hour of the reaction when 40/60 Cys/25kDa L-PEI was used. However, most intense 

luminescence was obtained in the 1h aliquot of the Ag2S QD synthesis with 50/50 

Cys/25kDa L-PEI coating. Yet, between 5 min to 3-4h there was no significant 

difference in the emission peak position, which may indicate that as time passes, just 

the quality of the particle improved not the stable size of the crystal at this temperature. 

Such difference in the optimum reaction time may have various origins.  Increasing Cys 

in these compositions increases the Ag-Cys complex which would have faster diffusion 

to crystal surface compared to Ag-PEI complexes and since thiols bind more strongly, 

less desorption takes place on the nanocrystal surface.  

 

 

 

 

 

 

 

 

Figure 4.1 Photoluminescence spectra of (A) 40/60 and (B) 50/50 Cys/25kDa L-PEI 

coated Ag2S NIR Quantum Dots at different time points during the synthesis.  
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 4.2.1.2 Influence of the pH on Optical properties of Ag2S NIR QDs 

All QDs were synthesized at pH 5.7 because of the limitation in the solubility of 

L-PEI, but the influence of the pH (pH 5, 7, 10) of the medium after synthesis on the 

particle properties were determined. 100% L-PEI coated Ag2S quantum dots didn’t 

show any photoluminescence (PL) after synthesis at any of these pH values. A 

significant change in the photoluminescence of 100%  Cys coated Ag2S quantum dots at 

different ph values: the strongest emission was seen in acidic (pH 4.5) and then neutral 

(pH 7.5) conditions. The weakest PL emission intensity was observed under basic (pH 

10.5) condition. Photoluminescence peak position of Cys coated Ag2S quantum dots in 

acidic medium was 25 nm longer than the peak position in basic medium (Figure 4.2).  

 

 

 

 

 

 

 

 

Figure 4.2 Absorbance calibrated photoluminescence (A) and absorbance spectra (B) of 

Cys coated Ag2S NIR quantum dots at different pH values after the synthesis.  

Photoluminescence of Ag2S QDs with the Cys/L-PEI coatings showed a pH 

dependent emission maximum and emission intensity as well (Figure 4.3 and Figure 

4.4). Similar to the 2MPA/L-PEI coated QDs, the weakest emission was detected under 

basic conditions (pH 10.5) and in general the strongest emission was seen under acidic 

conditions. Absorbance of QDs with 40/60 and 50/50 Cys/L-PEI (25kDa) coatings is 

significantly higher under neutral condition which may be partially due to aggregation 

(Figure 4.3). PL emission maxima of 40/60 and 50/50 Cys/L-PEI (25kDa) coated QDs 

at neutral pH were broad and located between the peak positions at acidic and basic 
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conditions.  This may also indicate pH dependent aggregation. Emission maxima of 

each QD was detected at lower wavelengths with decreasing pH. The emission maxima 

of 40/60 Cys/L-PEI (25kDa) coated QD was at 750 nm at pH 10.5 and 828 nm at pH 

4.5 (Figure 4.3a). Emission maxima of 50/50 Cys/L-PEI (25kDa) coated QD was at 740 

nm at pH 10.5 and 827 nm at pH 4.5 (Figure 4.3b). 20/80 Cys/L-PEI (25kDa) coated 

QD didn’t have any luminescence at basic pH but it had highly strong PL emission at 

acidic condition (pH 4.5) (Figure 4.3c). This composition was unstable at neutral pH. 

 LPEI has only secondary amines with a pKa of 7.9. Isoelectric point of 

Cyseine is at pH 5.05 and pKa of the acid, amine and thiol groups are 1.92, 10.7 and 

8.30, respectively. Therefore at pH 4-5, lysosomal pH, except the carboxylic acid all 

functional groups should be protonated, yet if an excessive protonation of the surface 

bound thiol would have taken place than a decrease in the luminescence intensity and 

particle dissolution would be observed.   At pH 7, lower amount of PEI amines will be 

protonated and at basic pH no amine protonation would take place.   

Disaggregation of loose aggregates with protonation of amine groups and 

removal of free electron pair of nitrogens, which may act as hole-scavengers, would be 

expected under acidic conditions, hence stronger emission intensity was expected and 

actually observed.   In this case surface charge, interaction between coating materials 

and intermolecular interaction of these QDs should have caused the differences in 

emission wavelengths corresponding to the change in pH. Similar results were obtained 

with Cys/L-PEI (2.5kDa) coated Ag2S QDs with slightly smaller shifts in the emission 

maxima (Figure 4.4).  When both molecular weights are taken into account, the most 

dramatic effect of acidification on luminescence intensity was seen in case of 20/80 

Cys/L-PEI Ag2S QDs. This is   interesting since Cys coated QDs showed sensitivity to 

pH but not PEI coated one.  Yet, when these two were used together, difference 

behavior may be expected.  Since QDs with larger PEI content benefit most from the 

acidic pH, in terms of PL intensity, it may be suggested that elimination of free 

electrons, disaggregation of particles, and more rigid structure of the polymer are the 

key factors enhancing the luminescence.  
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Figure 4.3 Absorption calibrated photoluminescence (left hand side) and normalized 

absorbance (right hand side) spectra of Cys/25kDa L-PEI Ag2S NIR QDs at different 

pH values. 
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Figure 4.4 Absorption calibrated photoluminescence (left hand side) and normalized 

absorbance (right hand side) spectra of Cys/2.5kDa L-PEI Ag2S NIR QDs at different 

pH values. 
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Figure 4.5 Photoluminescence spectra of Cys/L-PEI (MW: 2.5kDa and 25kDa) coated 

Ag2S NIR quantum dots at different pH values (pH 4.5, 7.5and 10.5) after synthesis.  

  

In order to see the effect of different composition and molecular weight of L-PEI 

better, PL spectra of the QDs with different compositions at the same pH values are 

plotted in Figure 4.5. 20/80 Cys/L-PEI (2.5kDa) Ag2S QD showed the strongest 

photoluminescence emission at acidic and neutral conditions. Based on the emission 

intensity the second best particle is the 40/60 Cys/L-PEI (2.5kDa) Ag2S QD. In general, 

QDs with Cys/2.5 kDa L-PEI luminesce much more strongly than those with 25kDa L-

PEI. Only at basic pH, the emission intensity increased with the increasing content of 

the Cyseine, which supports the hypothesis that protonation of the amine groups of L-

PEI is the key factor in the enhancement of the luminescence intensity.   
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In addition, similar to the mixed coatings with 2MPA, Cys/L-PEI mixed coating 

also provided stronger luminescence compared to Cys coated Ag2S QDs (Figure 4.6).  

PL of 100% Cys and 50/50 Cys/2.5kDa L-PEI coated Ag2S QDs were recorded with Si 

detector because the emission maxima of these particles are above 850 nm where PMT 

is inadequate (Figure 4.6). 

 

 

Figure 4.6 Photoluminescence spectra of Cys and Cys/L-PEI (MW: 2.5kDa and 25kDa) 

coated Ag2S NIR quantum dots at different pH values (pH 4.5, 7.5 and 10.5) after 

synthesis.  
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  4.2.1.3 Size and Surface Charge of Cys/L-PEI Coated Ag2S NIR QDs 

 

Table 4.2 Hydrodynamic size and Zeta potential of Cys/L-PEI (MW: 2.5kDa and 

25kDa) coated Ag2S NIR QDs in distilled water. 

 a 
Crystal size calculated by Brus equation (Table 4.1), 

b
Average number average size 

distribution measured by DLS, 
c
 zeta potential of QDs.  

 

       Hydrodynamic size and zeta potential of Cys/L-PEI (2.5kDa and 25kDa) coated 

Ag2S NIR QDs in water (pH 4.5) were tabulated in Table 4.2.  

 Except 100% Cys coated one, all Ag2S QDs are ultra-small in size (10-54 nm) 

and have a strong positive zeta potential (25-46 mV) at (pH 4.5). The largest particle 

(54 nm) is the QD with 20/80 Cys/L-PEI (25kDa) coating. The smallest particle (11 nm) 

40/60 Cys/2.5kDa L-PEI coated QDs.  However, size distribution is quite broad.  In 

general, Ag2S QDs with the Cys/25kDa L-PEI coatings are larger and have more 

positive zeta potential. This may be due to availability of free polymer segments when 

larger polymer chains are used.  With the low L-PEI, majority of the N-groups may be 

 DIW pH 5 

Rxn 

ID 

L-PEI  

(kDa) 

Cys/L-PEI 

(mole ratio) 

D
a
 (nm) D

b 
(nm)

 
Zeta Pot.

c 

(mV) 

DAA-41 25 40/60 2.5 44.8±13.1 38.9±13.6 

DAA-42 25 50/50 2.5 53.9±17.5 41.5±9.9 

DAA-43 25 20/80 2.3 40.8±13.1 37.9±7.9 

DAA-44 2.5 40/60 2.5 11.5±4.1 25.5±7.9 

DAA-45 
 

2.5 20/80 2.3 50.5±18.4 33.1±7.9 

DAA-46 

 

2.5 50/50 2.6 22.6±7.5 46.1±7.5 

DAA-47 - 100/0 2.5 127.6±94.22 -23.8±3.8 
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attached on the surface creating a thin or more tightly bound organic shell. Such 

differences in the hydrodynamic size should be related to the organic shell thickness 

and swelling as well as aggregation since the crystal sizes are similar (Table 4.2). 

Although the zeta potentials were measured around the isoelectric point of the Cyseine, 

Cys/Ag2S QDs have a strong negative surface charge.  Since at this pH, amines would 

be protonated and the carboxylic acids should be deprotonated, may be amine groups 

are also adsorbed on the crystal surface, leaving the carboxylates dominate the surface 

charge. Besides, Cys/Ag2S QDs suffer from stability, but mixed coatings provided 

excellent colloidal stability.   

 When compared with Ag2S QDs coated with 2MPA/L-PEI hydrodynamic 

size of Cys/L-PEI coted QDs are larger in general but have more positive zeta potentials.  

This may be due to the extra amine group of Cys.  These results can provide advantages 

over 2MPA/LPEI coated QDs in gene binding and release.  

 

    4.2.1.4 Coating Composition  

 

The coating composition used in the synthesis was based on the moles of N 

coming from the L-PEI and moles of SH coming from the Cys.  The actual composition 

of the final QD was determined by the elemental analysis.  Elemental analysis states the 

N and S weight % of QDs (Table 4.3). Theoretically, QDs consisting of same L-PEI/ 

Cys ratio should have same N/S (w/w) ratio, considering the N coming from the 

Cyseine as well or not. However, when experimental N/ S w/w ratios were compared 

for 50/50 L-PEI (2.5kDa and 25kDa)/Cys coated Ag2S QDs, a ratio of 1.3 in case of 

25kFa and 0.9 in case of 2.5kDa PEI was calculated.  From the weight % of N and S, 

number of moles were calculated. Experimental S mole % was calculated based on the 

moles of S from Cys and N from only PEI, since this was how the initial formulation 

was set. Results indicate that, even at identical N/S formulation in the synthesis, when 

low molecular weight PEI was used, more Cys was incorporated, reaching actually the 

theoretical value (49 mol %), whereas only 34% Cys was found in the final coating if 
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25kDa PEI was used.  In case of 20/80 L-PEI/Cys formulations, the difference is less 

dramatic between the Cys content of the final coatings: 16% if 25kDa and 12 % if 2.5 

kDa PEI was used.  Basically, about 60-80% of the Cys bound to the surface, except the 

50/50 mixture with 2.5kda L-PEI. These results also showed that both the molecular 

weight of PEI and the initial composition affected the actual coating compositions, but 

with 50% Cys in the formulation, roughly 35-50 % Cys and 20% Cys in the feed, 

roughly 12-16 mol% Cys was found in the final coating. Higher binding affinity of Cys 

to particle surface, steric hindrance by the long polymeric chains, thickness of the 

polymeric shell on the crystal surface, difference in the diffusion and interaction of the 

Cys and PEI may be some of the causes of such behavior, yet since there is not a clear 

trend, it is difficult to suggest the real effect of the molecular weight.  

 

Table 4.3 Coating composition of Ag2S NIR QDs with mixed coating of L-PEI/ Cys. 

 
 *
Elemental analysis. 

a
Moles of N coming from PEI/ moles of SH coming from Cys, 

b
Total organics that were determined by elemental analysis, 

c
 Experimental N= N from 

PEI + N from Cys, 
d
 Experimental Cys (mol%)=(moles of N measured by elemental 

analysis/(total moles of N + S)††Total moles of N+S= Moles of N (from PEI and Cys 

moles of N from Cys + moles of SH from Cys. 

 

 

 

 

 

 

 

 

Rxn ID L-PEI 

(kDa) 

L-PEI/ Cys 

(mol/mol)
a 

Total
*
 

(w %)
b 

N 
*
 

(w %) 

S 
*
 

(w %) 

Experimental
* 

N/S (g/g)
c 

Exp. Cys  

(mol %)
d 

DAA-42 25 50/50 45.0 7.2 5.5 1.3 34 

DAA-43 25 80/20 45.8 7.4 2.7 2.7 16 

DAA-45 2.5 80/20 40.4 4.0 1.1 3.6 12 

DAA-46 2.5 50/50 45.4 7.3 8.5 0.9 49 
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    4.2.1.5 Photoluminescence Stability of Cys/L-PEI Ag2S QDs 

 

Optical stability of Cys/L-PEI (MW: 2.5kDa and 25kDa) coated Ag2S QDs were 

tracked by the Pl and absorbance spectra taken at different time points during their 

storage of 3 months. Emission intensity of QDs decreased with time (Figure 4.7, 4.8 

and 4.9).  However, after 3 months, these particles still have strong enough emission for 

biomedical imaging as will be shown in later sections. Pretty good biomedical images 

were gotten by the QDs after 3 months by using HeLa cell line as a model. For a strong 

performance, these QDs were recommended to be used within 3 months   
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Figure 4.7 Photoluminescence and normalized absorbance spectra of Cys/L-PEI (MW: 

25kDa) coated Ag2S QDs on February 2015 (shortly after synthesis) and on May 2015.  
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Figure 4.8 Photoluminescence and normalized absorbance spectra of Cys/L-PEI (MW: 

2.5kDa) Ag2S QDs on February 2015 and on May 2015.  
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Figure 4.9 Photoluminescence and normalized absorbance spectra of Cys Ag2S QD on 

February 2015 and on May 2015.  

 

 

    4.2.1.6 In Vitro Toxicity Evaluation of Cys/ L-PEI Coated Ag2S QDs 

 

 Cell viability of Cys/ L-PEI (2.5kDa and 25kDa) coated Ag2S QDs were 

determined by MTT assay as explained in Chapter 2 and 3. QDs doses were based on 

the Ag concentration and set between 0.75-10 µg Ag/mL. Particle concentrations 

corresponding to 10 µg/mL Ag were listed in Table 4.4. The table showed that there is 

more organic content in the compositions of the QDs.  
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Table 4.4 Silver and nanoparticle concentration of Cys/ L-PEI Coated Ag2S QD 

solutions.  

 

 

 

 

 

 

a
 ICP-OES, 

b
Weight of solid content after evaporation of water. 

 

Human cervical cancer (HeLa), HCT 116 WT and HCT 116 p53 (-) cell lines 

were used in the toxicity study.  The pH of the particles were set to 5 based on the 

stability and better luminesence at this pH. Figure 4.10 indicates that in HeLa cells, all 

particles caused 80% or better viability uptill 2.4 g/mL Ag dose.  Especially, at 5.6 2.4 

g/mL Ag and above, the QD with 20/80 Cys/L-PEI 25kDa is the most toxic one with a 

dose dependent toxicity. Rest of the particles have similiar toxicity and the viability fell 

below 50 % rapidaly at 10 g /mL dose. Since doses below 4 µg/mL Ag is usually 

enough for the transfection studies, these particles are quite promising.  

Rxn 

Code 

PEI MW 

(kDa) 

Cys/PEI 

(mol ratio) 

Ag
a
 

(µg/mL) 

Particle
b
 

(µg/mL)  

DAA-42 25 50/50 10 171.7 

DAA-43 25 20/80 10 207,1 

DAA-45 2.5 20/80 10 561,6 

DAA-46 2.5 50/50 10 602,6 
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Figure 4.10 Viability of HeLa cells in the presence of Cys/L-PEI Ag2S QDs (pH 5) 

after 24 hours incubation as determined by MTT assay (one-way ANOVA with Tukey's 

multiple comparison at p < 0.05(*),  p < 0.01 (**),  p < 0.001 (***) and  p < 

0.0001(****).  

 

Particles found to be very toxic to HCT 116 WT (Figure 4.11) cells. The most 

toxic QD was found as the 20/80 Cys/L-PEI 25kDa QD again but at 0.8 µg/mL Ag dose 

this time. It seems like only 1 µg/mL Ag dose could be utilized in any transfection 

studies with these QDs and this cell line.    
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Figure 4.11 Viability of HCT 116 WT cells in the presence of Cys/L-PEI Ag2S QDs 

(pH 5) after 24 hours incubation as determined by MTT assay (one-way ANOVA with 

Tukey's multiple comparison at p < 0.05(*),  p < 0.01 (**),  p < 0.001 (***) and  p < 

0.0001(****).  

 

 

Interestingly, 20/80 Cys/L-PEI 25kDa QD that was found as the most toxic QD 

in HCT 116 WT cell line, didn’t show any toxicity untill at 5.6 µg/mL Ag dose in HCT 

116 p53 (-) cell line (Figure 4.12). Toxicity of the other three QDs were similar to each 

other and significantly higher (at and below 80% viability at a1.3 µg/mL Ag dose) than 

20/80 Cys/L-PEI 25kDa QD after 1 µg/mL Ag dose. Overall, HCT 116 p53 (-) cell line 

is slightly more resistance than HCT 116 WT, possibly due to the absence of the tumor 

suppressor p53 gene that also induces apoptosis.  For possible gene transfection to HTC 

116 p53(-) cells, either QD at and below 1 µg/mL Ag dose can be used but higher doses 

are required than only 20/80 Cys/L-PEI 25kDa QD will be suitable. 
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Figure 4.12 Viability of HCT 116 p53 (-) cells in the presence of Cys/L-PEI Ag2S QDs 

(pH 5) after 24 hours incubation as determined by MTT assay (one-way ANOVA with 

Tukey's multiple comparison at p < 0.05(*),  p < 0.01 (**),  p < 0.001 (***) and  p < 

0.0001(****).  

 

 

Cell viability and cellular internalization of QDs should be correlated to interpret 

the toxicity data better. Since no significant difference in the cell internalization data of 

2MPA/LPEI coated Ag2S QDs at different 25 and 50 µg/mL Ag doses, cell uptake and 

toxicity of Cys/L-PEI QDs were determined at only 25 µg/mL Ag dose after 4 hours 

incubation with HeLa cells. Under these conditions no significantly toxicity was 

observed (Figure 4.13), so cell uptake results would be confidential.  

 



 

Chapter 4: Development of Cys/L-PEI Stabilized Ag2S Quantum Dots                     81

 

 

  

 

 

Figure 4.13 Viability of HeLa cells in the presence of Cys/L-PEI Ag2S QDs (pH 5) 

after 4 hours incubation as determined by MTT assay (one-way ANOVA with Tukey's 

multiple comparison at p < 0.05(*),  p < 0.01 (**),  p < 0.001 (***) and  p < 

0.0001(****).  

Figure 4.14 Quantification of internalized Cys/L-PEI Ag2S QDs (pH 5) by HeLa cells 

in 4 hours incubation time. 
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About 70 % of the 50/50 Cys/L-PEI 25kDa were internalized by the HeLa cells 

and it is most heavily internalized one (Figure 4.14). Considering its non-toxic nature in 

HeLa cells, this QD can be consider quite compatible with HeLa cells. The QDs have 

nearly same hydrodynamic size and zeta potential so the cell internalization should not 

be size or charge dependent. For the rest, considering the error bars, there is no 

significant difference and their cell uptake results were found between 20 % and 38 %.  

 

    4.2.1.7 Evaluation of Cys/ L-PEI Ag2S QDs as Optical Probes 

 

In order to visually confirm the internalization of Cys/L-PEI Ag2S QDs by the 

cells and evaluate their use as optical diagnostic probes, HeLa cells incubated with QDs 

were imaged under inverted fluorescence microscope (Figure 4.15).  Due to the 

limitation of ICP-MS that was needed to detect Ag ion for uptake analysis, high doses 

and short incubation times were used (25 and 50 µg/mL Ag dose). 

DAPI dye and DAPI filter was utilized to stain and image the cell nucleus. Even 

though, the sensitivity of the detectors used in the microscope falls around 30 % right 

after 800 nm, 50/50 Cys/ 2.5kDa L-PEI Ag2S QD with  emission peak maximum at 897 

nm after 3 months demonstrated a very intense signal with the NIR filter ( excitation 

wavelength = 550nm, 640 nm long pass emission filter). In Figure 4.15, the red color 

represents the emission signal from 50/50 Cys/ 2.5kDa L-PEI Ag2S QD by NIR filter 

and the blue color represents cell nucleus that is stained by DAPI dye and imagined by 

DAPI filter (λexc: 352-402 nm and emission: 417-477 nm).  When the internalized cells 

were compared with the control group, very strong distinguishable NIR signal was 

detected in the cytoplasm, proving the use of these QDs as optical probes. 
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Figure 4.15 Inverted fluorescence microscopy images of HeLa control cells (A and B) 

and HeLa cells incubated with 50/50 Cys/L-PEI (2.5kDa) Ag2S QD at 25µg/mL Ag 

dose (C and D) and 50µg/mL Ag dose (E and F)  for 4 hours. Red color represents NIR 

filter (λexc: 550 nm and emission: 650 nm long pass) and blue color represents DAPI 

filter (λexc: 352-402 nm and emission: 417-477 nm).  
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4.3 Conclusion  

 

Colloidal Cys and Cys /L-PEI coated Ag2S QDs were synthesized in water. It 

was known that L-PEI (2.5 and 25kDa) produced colloidally stable but non-luminescent 

particles. Cys /L-PEI coated Ag2S QDs provided a synergistic effect over only Cys 

coated Ag2S QDs and PEI coated Ag2S QDs. The crystal size and the emission 

wavelength of QDs can be tuned by the Cys /L-PEI ratio.  Emission maxima and 

intensity influenced dramatically by the pH of the medium with an enhanced 

luminescence intensity at longer wavelengths at acidic pH (4.5-5). The emission peak 

maxima of these QDs are between 727-897 nm, suitable for medical imaging.  

Cytocompatibility of all QDs was determined in three different cell lines: One of 

the most widely used cells, HeLa, and also HTC 116 both wild type and p53 negative.  

The most toxic QDs in HeLa cell line are 50/50 Cys/L-PEI 2.5kDa and  20/80 Cys/L-

PEI 25kDa QDs, basically those with the higher Cys content in the final coating. Cys/L-

PEI QDs were found highly toxic especially in HCT 116 WT and HCT116 p53(-) cells. 

Even at 0.8 and 1.3 µg Ag/mL doses significant toxicity was seen. Only 20/80 Cys/L-

PEI 25kDa QD didn’t show toxicity in HCT116 p53(-) cells until at 5.6 µg Ag/mL 

dose. Molecular weight of the L-PEI did not show a uniform trend in the toxicity of 

these QDs. Internalization of QDs by the HeLa cells indicated that about 70% of the 

dose was internalized in 4h if 50/50 Cys/L-PEI coated QDs were used but otherwise 

this value dropped down to  20% to 38%.  

Based on the fluorescent microscopy studies, QDs are distributed uniformly into 

the cytoplasm of the HeLa cells and provide a very strong signal in the NIR.   

Overall, Cys/L-PEI coated Ag2S QDs can be used easily as diagnostic probes 

and delivery vehicles.  
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Chapter 5 

 

CONCLUSION 

 

 Biocompatible heavy metal free, cationic Ag2S QD as new theranostic 

nanoparticles were attempted in this thesis.  QDs were coated with linear PEI to achieve 

cationic, gene binding organic coating. Since high molecular weight and/or branch PEI 

structures cause deadly toxicity, linear PEI at two different molecular weights (2.5 and 

25kDa) were investigated as a coating for the NIR QDs.   L-PEI coating at both 

molecular weights provided colloidally stable Ag2S nanoparticles but, they didn’t 

exhibit any luminescence. This problem was solved by the application of mixed 

coatings composed of small, more strongly and densely binding thiolated molecules, 

2MPA and Cys, with less strongly binding L-PEI polymers.   Both 2MPA and Cys have 

been used successfully to coat various QDs in the literature.  However, linear PEI or 

their mixture have never been utilized before.  

 Such mixed coatings compositions provided a synergistic effect on the 

luminescence properties of Ag2S QDs.  They luminesce much more strongly than 

2MPA or Cys coated Ag2S QDs.  The crystal size and hence, the emission wavelengths 

of the QDs were tuned by the 2MPA/L-PEI and Cys/L-PEI ratios. The emission peak 

maxima of these QDs are changed between 791-897 nm for 2MPA/L-PEI coated QDs, 

727-897 nm for Cys/L-PEI coated QDs. Due to solubility limitation of L-PEI, all 

synthesis were performed at pH 5.7. However, luminescence properties were strongly 

dependent on the environmental pH. It was found that acidification increased the 

luminescence intensity of 2MPA/L-PEI and Cys/L-PEI coated QDs and also caused a 

red shift of the emission maxima of Cys/L-PEI coated QDs. All 2MPA/L-PEI coated 

QDs were found colloidally stable between pH 5-10 but, Cys/L-PEI coated QDs were 

not so stable at neutral pH.  
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 Based on the emission maxima of the QDs and the crystal sizes, it seems like 

2MPA/L-PEI mixtures produce slightly larger crystals but hydrodynamic size and the 

surface charge of the Cys/L-PEI QDs were larger. This may be due to more swollen 

organic shell and due to the extra amine groups brought by Cys. 

 Cytocompatibility of all QDs were determined in three different cell lines: 

One of the most widely used cells, HeLa, and also HTC 116, both wild type and p53 

negative.  In general, Ag2S QDs coated only with L-PEI were the most toxic ones. 

2MPA/L-PEI coated QDs were found more biocompatible based on the MTT assay, 

indicating a synergy in the toxicity as well. Toxic effect started around 7.5 and 10 µg 

Ag/mL dose, respectively, in HeLa and HCT116 WT cells. In general, Cys/L-PEI QDs 

were more toxic. The most toxic QDs to HeLa cells were 50/50 Cys/L-PEI 2.5kDa and  

20/80 Cys/L-PEI 25kDa QDs, basically those with the higher Cys content in the final 

coating composition. Cys/L-PEI QDs were found highly toxic especially in HCT 116 

WT and HCT116 p53(-) cells. Even at 0.8 and 1.3 µg Ag/mL doses significant toxicity 

was seen. Only the 20/80 Cys/L-PEI 25kDa QD didn’t show toxicity in HCT116 p53(-) 

cells up to 5.6 µg Ag/mL dose. 

 Internalization of QDs by the HeLa cells was performed based on Ag ion 

concentration detected by ICP-MS. In 2MPA/L-PEI coated QDs, the highest uptake was 

recorded with the 20/80 2MPA/L-PEI compositions (2.5 and 25kDa): 75% and 45%, 

respectively. However, in case of Cys/L-PEI QDs, no clear trend was detected in the 

uptake.  

 Fluorescent microscopy studies were performed with both QD sets in HeLa 

cells.  All indicated homogenized distributed in cytoplasm of the cell with strong NIR 

signal.  Also, strong NIR signal was obtained from the images of C.elegans treated with 

2MPA/L-PEI QDs. These successful results prove that these QDs can be used as strong 

diagnostic probes in biomedical imaging, successfully.  

In conclusion, these QDs constitute a new set of theranostic nanoparticles 

utilizing polymers effective in gene delivery and small molecules effective in producing 

strongly luminescent quantum dots.  These cationic heavy-metal free, NIR active QDs 
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have great potential to be used as new optical diagnostic agents capable of gene 

transfection.   
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